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INTRODUCTION 


This  document  is  the  final  report  of  the  investigation  "Active  Probing  of  Space  Plasma*'. 
During  the  course  of  the  research  period,  we  concentrated  our  efforts  into  the  three  areas: 

I.  An  Examination  of  Stochastic  Electron  Acceleration  Mechanisms  in  the  Ionosphere. 

II.  A  Study  of  the  Nonequilibrium  Dynamics  of  the  Coupled  Magnetosphere-Ionosphere  System. 

III.  Laboratory  Studies  of  Active  Space  Experiments 

In  the  remainder  of  this  report,  we  shall  briefly  summarize  the  results  associated  with  each  of 
the  above  three  research  areas. 

We  also  include  reprints  of  all  journal  publications  which  resulted  through  the  auspices  of 
this  contract.  These  articles  are  contained  at  the  end  ol  this  report. 


DESCRIPTION  OF  RESEARCH 

Let  us  turn  now  to  a  discussion  of  each  of  the  three  research  areas. 

I.  Electron  Acceleration  by  Intense  EM  waves 

Throughout  the  contract  period  wc  have  studied  in  detail  the  theory  of  the  interaction  of  «m- 
lique  high-frequency  electromagnetic  (EM)  waves  with  plasma  parti  ;lcs.  Wc  have  published  two 
major  papers  which  contain  most  of  the  theory  wc  developed,  in  addition  we  have  also  published 

two  articles  in  conference  proceedings.  This  analysis  is  of  interest  to  ionospheric  modifica¬ 

tion  research  which  uses  the  ionosphere  as  a  natural  plasma  laboratory  without  walls,  to  study 
high  power  radiowave  propagation  and  associated  non-linear  phenomena.  The  EM  fields  can  be  ra¬ 
diated  either  from  the  ground  or  from  satellites  or  rockets.  These  waves  interact  with  the  am¬ 
bient  clec'rons  and  may  accelerate  them  to  high  energies.  Suitable  ground-  based  high  power 
facilities  aie  located  at  HIPAS-UCLA  (Alaska),  Arccibo-Cornell  (Puerto  Rico),  and  Tromso  (Nor¬ 
way).  They  have  produced  interesting  observations  on  the  propagation  of  the  radiowaves  and 

the  plasma  response  to  them.  Experiments  from  satellites  or  rockets  such  as  the  WISP/IIP  colThe 
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effectiveness  of  this  mechanism  is  largely  dependent  on  the  value  of  the  incident  frequency. 
Calculations  on  single  particle  acceleration  show  that  initially  cold  electrons  can  gain  I  or  2 
kcV  for  moderate  power  levels  (ImH'/m2)  if  the  wave  frequency  is  chosen  equal  to  the  second  har¬ 
monic  of  the  cyclotron  frequency. 


The  following  publications  (reprinted  herein)  have  resulted  from  this  aspect  of  our  research. 

E.  Villalon,  Ionospheric  Electron  Acceleration  by  Short  Wavelength  Electrostatic  ll'mv*, 
Physics  of  Space  Plasma,  SP1  Conference  Proceedings  and  Reprint  Series  7, 317  (1987). 

E.  Villalon  and  W.L,  Burke,  Relativistic  Particle  Acceleration  by  Obliquely  Propogi.im\ 

Electromagnetic  Fields ,  Phys.  Fluids  22,  (1987). 

E.  Villalon,  Ionospheric  Electron  Acceleration  by  Electromagnetic  HVives  Wear  Regions  »</ 

Plasma  Resonances ,  J.  Gcophys.  Res.,  24, 2717  (1989). 


II.  Nonequilibrii'.m  Dynamics  of  a  Coupled  Magnetosphere-Ionosphere  System 

We  have  initiated  a  new  line  of  research  and  published  a  first  article  in  the  proceedings  of 

the  TPL  confcrc  a  (1986).  It  studied  the  dynamics  of  the  interaction  of  Radiation  Belt  parti¬ 

cles  with  electromagnetic  waves.  An  important  motivation  for  this  line  of  investigation  is  the 
need  to  develop  an  analytical  framework  for  dynamic  Radiation  Belt  models  which  can  be  used  to 
support  the  upcoming  CRRES  active  experiment  mission.  Based  on  the  ideas  of  the  "Alfven  Maser" 
by  Bespalov  and  Trakhtcngcrts  we  have  proposed  a  theoretical  scheme  for  dumping  both  electrons 
and  protons  from  the  Belts.  The  magnetosphere  can  be  considcd  as  a  gigantic  maser  where  whis¬ 
tler  and  Alfven  waves  arc  trapped  between  the  ionospheric  mirrors  and  grow  in  amplitude  as  they 
cross  back  and  forth  across  the  equatorial  regions.  We  have  derived  a  set  of  equations  based 
on  the  Fokker-Planck  theory  of  pitch-angle  diffusion,  which  describe  the  evolution  in  time  uf 
the  number  of  particles  in  the  flux  tube  and  the  energy  density  of  waves.  The  reflection  of 
waves  in  the  ionosphere  is  very  relevant  to  the  efficiency  of  the  Alfven  maser.  We  may  use  RF 

energy  to  heat  the  ionosphere  at  the  foot  of  the  flux  tube  to  raise  the  height  integrated  con¬ 
ductivity  and  improve  wave  reflection.  In  addition  to  external  ionospheric  perturbations  par¬ 

ticle  precipitation  also  raises  ionospheric  conductivity.  At  present  we  are  preparing  a  lunger 
article  with  these  ideas  which  will  be  submitted  to  the  Journal  of  Geophysical  Research. 

We  have  also  focussed  our  attention  on  the  propagation  of  ionospheric  disturbences  during  sub- 

storms  including  associated  magnetosphcric  waves.  This  work  has  been  reported  in  the  following 

papers  (which  are  reported  herein). 
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P.L.  Rothwell,  M.B.  Silcvitch  and  L.P.  Block,  Pi2  Pulsations  and  the  Westward  Trtnelhm: 

Surge,  J.  Gcophys  Res.  £1,  6921  (1986). 

W.L  Burke,  E.  Villa  Ion.  P.L.  Rothwell  and  M.U.  Silcvitch,  Some  Consequences  of  Elec¬ 
tromagnetic  IPflm?  Infection  into  Space  Plasmas,  TPL  •  Publication  86-19  (NASA  Jet  Propul¬ 
sion  Lab.  California  Inst.  Tech.)  p.  213  (I9S6). 

P.L.  Rothwell,  M.B.  Silcvitch,  L.P.  Block  and  P.  Tnnskanen,  A  Model  of  tlx  Weowaid 

Travelling  Surge  and  the  Generation  of  Pi2  Pulsations ,  J.  Gcophys  Res  22»  8613  (1988). 

M.  Silcvitch,  P.L.  Rothwell  and  L.P.  Block,  Magnetosphere-Ionosphere  Coupling  and  Suborn m 
Dynamics Physics  of  Space  Plasmas  SPf  Conference  Praceeaingx,  Vol.  7,  T.  Chang  editor. 
Cambridge,  M A  (1987). 

P.L.  Rothwell,  L.P.  Block,  M.  B.  Silcvitch  and  C-G  Falthammar,  A  New  Model  for  Substonn 
Onsets:  The  Prehreak  up  mid  Triggering  Regimes ,  Gcophys  Res.  Lett.  ]£,  1279  (1988). 

P.L.  Rothwell,  L.P.  Block,  M.B.  Silvctich,  and  C-G  Falthammar,  Substonn  llreakup  on  Closed 

Field  Lines ,  Adv.  Space  Res.  £  p.  (9>I37  (1988). 

P.L.  Rothwell,  L.P.  Block.  M.B.  Silcvitch  and  C-G  Falthammar,  A  New  Model  for  Animal 

Breakup  During  Stibstorms  IEEE  Trans  Plasma  Sci.  12,  150  (1989). 


111.  Laboratory  Studies  of  Active  Space  Experiments 

During  the  past  three  years  we  have  successfully  achieved  a  large  volume,  low  density 
plasma  that  is  suitable  for  simulations  of  certain  space  phenomena  in  the  "Jumbo"  chamber  at 
the  Air  Force  Geophysical  Laboratory,  Hanscom,  MA.  Much  time  has  been  spent  in  charactei  i/,ing 
the  baseline  plasma  parameters  for  this  plasma. 


The  plasma  can  be  produced  by  two  techniques.  The  first  technique  consists  of  two  large 
arrays  of  hot  filament  cathodes.  This  system  produced  a  cylindrical  plasma  of  roughly  Im  in 
radius  and  1.5  m  in  length.  We  have  so  far  achieved  the  following  plasma  parameters: 


Electron  density 
Neutron  density 
Electron  Temperature 
Ion  Temperature 
Magnetic  Field 


Ne  *  I04  ■»  109  cm'3 
N0  -  10*  *  ■+  6x10*  3cm'3 
Te  =  1  ■»  4cV 
Tj  -  0.1  •*  0.3eV 
B  -  0  •>  60G 
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This  plasma  has  been  utilized  in  preliminary  studies  of  the  sheath  effects  of  an  electric  field 
antenna  which  was  employed  in  the  ECHO  6  mission  and  also  in  the  studies  of  ion  beam 
propagation  across  magnetic  fields  in  the  presence  of  a  low  density  ambient  ionospheric  plasma. 

The  second  technique  consists  of  the  use  of  an  ion  thruster  to  produce  a  flowing  plasma 
that  fc  suitable  for  studying  the  effects  of  spacecraft  charging  ar.d  multibody  interaction  in 
the  wake.  The  parameters  of  the  ion  thruster  produced  plasma  are  of  the  following: 


ion  energy 
ion  flow  velocity 
ion  energy  spread 
electron  temperature 
Plasma  density 
Uniform  beam  width 


Ejj  -  IOOcV  at  35mA 
Vjj  a  2x10^  cm/s 
AEb  a  lOeV 
Tc  a  5  -  7cV 
Ne  ■  109  -  lO^cnf^ 
Adp  a  ito  cm 


Wc  have  also  teamed  up  with  Dr.  Dave  Cook  of  the  Spacecraft  Interactions  Branch  AFGL  at 
llanscom  MA,  and  Dr.  Maurice  Tantz  of  Radcx  Inc.  MA,  to  compare  our  laboratory  results  with 
their  numerical  simulations.  Wc  have  also  utilized  our  laboratory  at  Northeastern  University  to 
study  the  temporal  evolution  of  the  near  wake  of  small  objects  to  provide  further  electron 
transport  physics  to  their  simulations.  This  collaboration  has  been  very  fruitful  and  resulted 
in  our  recent  joint  publication  of  the  first  effort  to  compare  the  results  of  a  laboratory 
experiment  and  a  numerical  simulation  that  employed  the  same  physical  and  boundary  conditions 
for  wake  studies. 


In  the  first  year  of  the  contract,  we  have  successfully  achieved  a  uniform,  large  volume 
plasma  lor  our  antenna  study.  Our  experiments  on  an  electric  field  antenna  have  yielded 
unexpected  results.  We  have  found  out  that  the  antenna  detects  a  strong  enhancement  in  the 

fluctuation  spectrum  corresponding  to  the  antenna  sheath-plasma  resonances  rather  than  the 

ambient  plasma  oscillations.  As  the  antenna  sheath  changes  (e.g.  as  a  result  of  charging  during 
particle  beam  injection)  the  antenna  responses  to  the  changes  in  the  sheath  plasma  resonances 

rather  than  changes  in  the  ambient  plasma  characteristics  caused  by  the  particle  beam 
injection.  Such  results  may  have  important  consequences  to  the  interpretation  of  wave  data 

during  active  space  experiments. 

In  the  second  year,  we  studied  the  propagation  of  a  neutralized  ion  beam  across  a  magnetic 
field.  We  have  found  the  following  results: 


a)  The  initial  beam  energy  density  should  exceed  the  energy  density  necessary  to  set  up  .1 

polarized  electric  field  Ep  ■  -v^  x  I)  where  is  the  ion  beam  velocity  and  II  the 

magnetic  field  strength.  This  is  equivalent  to  the  condition  t  -  I  ♦  wpfA>cf  »  I 

where  t  is  the  static  dielectric  constant  of  the  beam  in  the  magnetic  field,  wpi 
the  ion  plasma  frequency  and  ocj  is  the  ion  cyclotron  frequency.  If  the  ion  beam  is 
propagated  initially  from  a  field-free  region,  the  condition  is  stronger  i.e.  t  » 

(n)|/mcJ^“  where  mj  and  mc  are  the  ion  and  electron  mass,  respectively.  This  condition 
arises  from  the  possible  charge  separation  at  the  sharp  magnetic-field  boundary  and 
thus  the  presence  of  a  longitudinal  electric  field  at  the  beam  front. 

b)  The  thickness  Dp  of  the  polarization  charge  layers  must  be  much  less  than  the  ion  beam 

radius  rjj  so  that  the  beam  would  not  lose  a  considerable  fraction  of  beam  panicles  as 
it  propagates.  This  is  equivalent  to  the  condition  of  pj/c  «  where  p|  is  the  ion 

Larmor  radius. 


c)  The  potential  at  the  positive  surface  of  the  beam  cannot  exceed  the  ion  accelerating 

potential.  Lindberg  has  pointed  out  that  if  the  radius  Of  the  beam  is  too  large,  the 

potential  difference  across  the  beam  will  exceed  the  beam  energy  and  the  adiabatic 

# 

approximation  will  be  violated.  This  condition  sets  an  upper-bound  on  the  beam  radius 
or 
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d)  The  slowing  of  the  beam  in  the  magnetic  field  can  occur  due  to  the  transverse 
expansion  of  the  beam  in  the  direction  parallel  to  the  magnetic  field.  This  is 
equivalent  to  the  condition  of  tjj/rjj  <  c  where  is  the  axial  distance  that  the  beam 

has  propagated. 


We  have  performed  preliminary  experiments  using  an  ion  beam  with  energy  ER  £  1.2  keV,  ion 
current  of  lj  <  150  rnA  and  a  uniform  magnetic  field  of  B  £  20G.  Experiments  have  been 
performed  both  with  and  without  a  low  density  background  plasma.  In  our  experiments,  the 
dielectric  constant  of  the  beam  varied  form  c  ~  10^  to  5  x  10^  which  is  in  flic  regime  of 
marginal  propagation  (i.e.  (mj/mc)*^  -  270).  However,  this  regime  has  not  been  studied 
much  previously  but  corresponds  to  the  active  space  experimental  conditions  where  very 
high  energy  ion  beams,  thus  very  low  beam  density,  are  expected  to  be  used.  The  present 
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experiment  can  also  contribute  tv  our  understanding  of  using  low  energy  ion  beams  fur 
active  space  environmental  controls  e.g,  discharging  of  spacecraft. 

In  our  experiments,  conditions  (a)  through  (b)  are  satisfied  initially  so  that  we 
expected  the  beam  to  propagate  across  the  transverse  magnetic  field  to  the  end  of  the 

chamber.  However,  at  the  highest  beam  current  (c.g.  1^  -  120  mA)  we  have  only  measured  a 
polarization  electric  field  of  the  order  of  (Epj  £  0.005  V/cm  which  is  much  less  than  the 
theoretical  value  of  |Ep|  £  I  V/cm.  We  believe  the  slowing  of  the  ion  beam  comes  from  the 
following  reasons: 

(i)  The  magnetic  field  lines  were  terminated  at  both  ends  with  conducting  walls  such 

that  the  ion  beam  was  depolarized  by  current  flow  to  both  ends.  Wc  will  install  two 

insulated  boundaries  for  a  proper  termination  of  the  magnetic  field  lines. 

(ii)  Although  we  have  performed  experiments  under  background  neutral  pressure  as  low  as 

2  x  IG"^  torr,  the  condition  of  vj/oc|  «  1,  where  vj  is  the  ion-neutral  collision 

frequency,  is  not  well  satisfied  as  a  result  of  the  low  magnetic  field  nature  of 

this  experiment.  This  is  became  conditions  (a)  through  (d)  are  derived  based  on 

the  guiding  center  approximation  which  assumes  that  the  collision  frequencies  of 

particles  are  much  less  than  their  cyclotron  frequencies.  In  the  present 

experiment,  the  charge  exchange  frequency  is  the  order  of  I(P  •»  I04*  Hz  which  makes 
vi/«ci  the  order  of  one.  However,  the  charge  exchange  collision  cross-section 

decreases  rapidly  with  ion  beam  energy  and  this  condition  would  be  satisfied  at  the 

proposed  Ej  >  IOKcV  experiments. 

(iii)  The  divergence  angle  of  the  present  ion  beam  source  is  quite  large  (£  >  5£  1  so  that 

condition  (a)  is  marginal  at  large  distances  from  the  beam.  As  the  beam  expands, 

the  beam  density  decreases  rapidly  while  the  magnetic  field  strength  remains 

constant  thus,  c  decreases  as  opj  . 

In  the  third  year,  we  have  begun  to  setup  a  flowing  plasma  which  is  suitable  to  simulate 
wake  of  large  and  small  spacecrafts.  We  have  compared  laboratory  results  with  numerical 
simulations  using  realistic  boundary  conditions  to  understand  the  ion  trajectories  in  the  wake 
of  a  negatively  biased  small  object.  The  results  arc  detailed  in  the  following  publications 

(which  are  reprinted  herein). 
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AAtfrerf— A  nemrtktl  tbr.ulallea  Ihet  l<  C)  linkrkal  In  ce«%urellen 
apart  mmI  J-t)  (r„  f*„  »*, )  In  trlerltjr  ipa «  bet  Men  WhUltd  la  lett  a 
ate  Art  M  Ike  arer-v,  altr  djnemkt  4  a  vtry  MRatlvtljr  cherjtd  body. 
Tbc  akawhlkra  (wrametrrt  were  (bxety  meUked  la  I  bate  4  a  labera* 
l»rj  taptrkatM  *m  I  bat  l  be  multi  may  be  raw  fired  dlreetly.  It  »« 
fa  and  dram  Ike  laboratory  wady  I  bet  tbc  dcelraat  and  lent  can  Akplay 
dMbrrent  ittayaral  fratoret  la  Ike  Mtlaf -la  4  tbe  a  ait;  and  I  bet  Ibrjr 
bath  tea  be  faaad  b>  tbc  my  near- a  air  rrflaa  (okbk  awe  body  dl* 
emit ir)  4  aa  ab>ert  abb  a  h%bly  aefatltc  body  potential.  W*  ban 
alaa  faaad  I  bat  I  be  lemperatart  4 1  be  rlerlraae  la  I  be  very  near  wait 
caoM  be  vameabat  (older  I  baa  tbe  amble  at  va!ae, » am  tit  lap  I  be  po«- 
aMNty  af  a  Mttrtap  ateebaaltm  belt*  aperatlve  I  bare. 

Tbe  »kaahaka  multi  la  date  tariely  caerabaeatc  tbe  deatky  lad* 
lap  la  leraH  af  tbe  peeaearc  af  aa  rabaacrawat  far  bath  bat  aad  tier* 
traa*  aad  la  hi  taratiaa.  There  k  reaaua  la  I  blab  laa  I  bat  addklaaal 
apeeeawati  caa  be  reaUted  If  Iwa  bey  ekaieati— tbe  larUtioa  af  a  2* 
tampaarat,  want  tkcraa  dktrlbutlaa  la  I  be  rimulatlau  aad  aa  aa- 
dendaadlat  af  tbe  perturballaa  Imputed  by  I  be  dlapaaatk  probe  ktctf 
aa  lie  eaperbaeat— caa  be  aebieved.  Tbk  k  aa  aapalag  proem.  Re¬ 
tain  from  both  l be  labarotory  eiperUaenl  aad  lie  numerical  ilmala- 
I  laa  am  be  pretealed,  aad  a  made!  I  bat  aceammadtlrt  ibete  *adla»« 
*M  be  dkeataed. 

I  Introduction 

THE  need  to  further  undcrswnd  the  plasma  environ¬ 
ment  surrounding  spacecrafts  has  been  recognized  for 
sometime  now.  With  the  resumption  of  shuttle  flights  into 
near-earth  orbit,  and  the  wide  variety  of  experiments  that 
arc  to  be  carried  out  in  its  wake  or  within  (hat  of  the 
planned  space  station,  it  is  becoming  imperative  that  this 
information  be  acquired.  Hester  and  Sonin  (I),  Samir  el 
al.  (2),  and  Stone  (3)  arc  foremost  among  those  who  have 
reported  on  experiments  that  seek  to  relate  laboratory 
wake  phenomena  to  (he  space  environment.  Others,  in¬ 
cluding  Martin  (4]  and  Parker  [5]  have  sought  to  gain 
some  insight  into  the  physics  of  plasma  wakes  by  means 
of  numerical  simulation.  To  date,  however,  (here  has  not 
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been  much  attention  given  to  corroborating  numerical 
simulation  results  with  laboratory  findings.  A  key  reason 
for  wanting  to  do  this  would  be  to  obtain  some  assurance 
that  a  numerical  model  can  indeed  provide  results  that  arc 
realistic:  one  could  actually  test  the  code  with  some  known 
parameters  and  compare  the  results.  Conversely,  if  the 
model's  efficacy  is  established,  then  one  might  want  to 
see  how  well  the  laboratory  results  conform  to  the  model. 

This  paper  is  an  update  of  our  ongoing  effort  to  under* 
stand  the  dynamics  of  charged  particles  in  the  near  wake 
of  a  very’  negatively  charged  body.  In  previous  publica¬ 
tions,  we  reported  on  the  temporal  evolution  of  electron 
and  ion  streams  within  one  body  radius  in  the  wake  of  a 
metallic  disc  placed  in  a  flowing  plasma  |6);  and  on  the 
variability  of  the  electron  temperature  in  the  same  region 
depending  on  the  characteristics  of  the  surrounding  plasma 
(7).  Here,  wc  briefly  review  these  recent  and  entirely  un¬ 
anticipated  findings,  present  some  results  from  a  steady- 
state  numerical  simulation  (that  incorporated  much  of  the 
experimental  parameters,  including  the  finite  boundary1 
and  the  wall  potential)  which  corroborate  the  steady-state, 
electron,  and  inn  density  findings,  and  propose  a  model 
that  links  these  results  together.  The  organization  of  the 
subsequent  material  is  as  follows:  Section  II  contains  a 
brief  description  of  the  experimental  configuration  and  the 
experimental  results.  Section  111  describes  in  short  order 
the  numerical  model  and  technique  that  were  used  lo  '•any' 
out  a  computer  simulation  of  the  experimental  scenario. 
The  simulation  results  achieved  lo  date  arc  also  presented. 
A  discussion  of  the  laboratory  and  simulation  results  then 
follow,  in  the  closing  Section  IV. 

II.  Experimental  Configuration  and  Rusults 

Our  experiments  were  performed  in  a  pulsed  plasma 
stream  that  was  produced  in  the  modified  double  plasma 
device  shown  in  Fig.  1 .  The  object  used  was  a  thin  (thick¬ 
ness  <  0.5  cm)  aluminum  disc  of  radius  s  3.25  cm.  It 
was  suspended  in  the  middle  of  the  stream  5.0  cm  from 
the  plasma  entrance  into  the  target  chamber.  Readers  are 
referred  to  previous  publications  for  details  on  the  exper¬ 
imental  set-up  and  diagnostics  [6],  and  on  (he  specifics  of 
the  generated  plasma  [7]  For  the  particle  density  studies, 
the  typical  operating  parameters  were:  Plasma  source 
density  ne  =  109  cm”  ,  average  plasma  stream  (target) 
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Fi|  2  <t  <  I.  Time  evolving  measured  electron  current  dcnriiy  pwfik* 
»t  Z/*,  -  O  R 

density  n,  at  10S-I07  cm'*;  ambient  electron  temperature 
Tf  at  2-4  eV  and  ion  temperature  T,  g  0.3  cV;  ion  flow 
velocity  (it,)  ■»  I  -*  2c,,  where  c,  is  the  ion-acoustic 
velocity;  Debye  length  (Xw)  a  0.33  cm;  and  the  steady- 
state  floating  potential  of  the  object  was  s  -20  -♦  -25 
V.  The  ratio  of  the  ion  flow  energy  to  the  object  potential 
energy— subsequently  referred  to  as  the  A  parameter— was 
<1.0. 

Figs.  2  and  3  arc  illustrative  of  the  results  obtained  for 
electron  and  ion  cunent  density  in  this  plasma  regime. 
The  figures  both  infer  particle  density  at  a  fixed  location 
(Z//?0  -  0.8’  in  time,  from  30  to  100  ps  forthcelcctroi..> 
and  to  300  ps  for  the  ions.  The  salient  points  here  are  that 
1)  a  strong  enhancement  in  density  for  both  particles  in 
the  wake  is  evident  at  this  location.  Indeed,  it  can  be  seen 
that  at  70  ps  for  the  electrons  and  55  ps  for  the  ions,  the 
wake  density  exceeds  the  ambient  density  in  magnitude. 
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(b) 

Fir  4  ti)  A  <  1.0;  Transverse  electron  current  iknjjiy  profile  at  ,00  pt 
andJ.lKmtZ/#u  «  0  9 1  behind  titic.  (bM  >  1 .0;  Trammer*  electron 
current  dentny  profile  at  100  pi  and  J.O  cm  (Z/A0  "  0.91  behind  disc, 
(t)  1-ncrjy ,  nalyzcr  probe  location  forambwni  data,  (t)  lincrjty  analyzer 
probe  locanon  for  wake  dau. 

2)  the  electrons’  profile  exhibits  a  double  peaking  feature, 
suggestive  of  crossing  electron  streams  but  which  may  be 
due  to  other  factors  that  arc  absent  in  the  ion  profiles. 
Only  a  single  ion  enhancement  peak  was  ever  observed  in 
these  experiments.  3)  it  is  noted  that  whereas  the  electron 
profiles  exhibit  an  electron  void  in  the  wake  at  30  ps.  the 
13 
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Fig.  3.  A  <  1 .0;  Eotijar  iMlyKf  probe  traetl  of «rr,bkfi(  ind  w»V«,  eke- 
lro«  tUu  x  3.0  cm  W/K*  ■  0.9)  and  lime  (a)  300  pi;  (b)  100  pi;  and 
(e)  70  pt. 
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Fig.  6.  A  <  l  .0;  Energy  analyzer  probe  waeci  of  ambient  and  wait,  elec* 
iron  data  ai  3.0  cm  IZ/K^  »  0.9)  and  lime  (a)  300  pi.  (b)  100  pi.  and 
(e)  70  pi. 


equivalent  ion  profile  displays  a  significant  ion  enhance¬ 
ment.  This  strongly  suggests  that  particle  enhancement 
occurs  first  with  the  it  ns  and  subsequently  with  the  elec¬ 
trons. 

In  the  electron  temperature  experiments  two  plasma  re¬ 
gimes  were  investigated.  One  regime  corresponded  to  that 
used  for  the  aforementioned  tent|>oral  studies  as  outlined 
above.  In  the  other,  v,  was  increased  to  3  •*♦  5c,  and  <t>a 
was  *  -10  V,  such  that  A  **  2.0  3.0,  or  A  >  1.0. 

Fig.  4(a)  for  the  A  <  1.0  regime  and  Fig.  4(b)  for  A  > 

1 .0  effectively  summarize  the  contrast  be'ween  the  two 
plasma  regimes  in  terms  of  the  near-wake  density.  They 
show  the  electron  current  density  profiles  as  obtained  by 
scanning  transversely  at  3.0  cm  (Z/Rq  -  0.9)  behind  the 
disc;  as  can  be  seen  in  Fig.  4(b),  the  density  profile  dis¬ 
plays  a  void  in  the  wake  with  respect  to  the  ambient  den¬ 
sity.  This  is  in  sharp  contrast  to  the  profile  shown  in  Fig. 
4(a)  for  which  a  density  enhancement  in  the  region  is 
clearly  evident. 

Figs.  5  and  6  show  the  electron  energy  distribution  for 
the  A  <  1.0  and  A  >  1.0  regimes,  respectively,  at  the 
location  ( Z/R0  =  0.9)  of  Fig.  4.  It  was  found  that  in  both 
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bulk  population  at  the  plasma  potential,  and  another  pop¬ 


ulation  of  hotter-tail  electrons.  However,  the  location  at 


which  this  is  true  is  different  for  the  two  regimes.  As  a 
result,  while  the  ambient  temperature  is  clearly  colder  than 
that  of  the  wake  region  in  the  A  >  1 .0  regime,  the  con¬ 
verse  is  live  in  the  A  <  1.0  instance.  It  is  seen  then  that 
for  A  <  I,  a  large-density  enhancement  in  the  near  wake 
corresponds  to  cold  ambient  electrons  being  drawn  into 
the  region.  On  the  other  hand,  in  the  absence  of  any  near- 
wake  density  enhancement  the  electron  temperature  in 
the  region  could  be  even  hotter  than  the  ambient  value  due 
to  the  presence  of  a  hot-tail  component  in  the  bulk  elec¬ 
tron  distribution  of  the  flowing  plasma. 

III.  Numerical  Model,  Simulation  Technique, 
and  Simulation  Results 

In  order  to  further  verify  the  results  that  were  achieved 
in  the  experiments,  a  full  computer  simulation  of  the  ex¬ 
perimental  scenario  was  initiated.  The  approach  taken  was 
to  model  the  plasma  ktnctically;  that  is,  the  net  motion  of 
many  interacting  particles  was  regarded  as  the  determin¬ 
ing  factor  in  the  plasma  flow.  The  taws  of  mechanics  are 
therefore  applied  to  the  individual  particles  of  the  ensem¬ 
ble,  and  statistical  techniques  are  then  used  to  determine 

•  n«t  rtf  Kull*  nloemn  Ac  eiirtK  th*  r«l« 

hv«  o.VWMivm  . . .  M,v  •  — 

vant  equations  that  govern  particle  behavior  in  a  rarefied 
plasma  flow  with  singly  ionized  ions  and  electrons  sur- 
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rounding  an  object  are  1)  the  Vlasov  equations  for  both 
ions  and  electrons  which  provide  the  local  values  of  both 
species,  and  2)  Poisson's  equation,  which  governs  the 
electric  potential.  Since  the  thermal  velocity  of  the  elec* 
irons  (tr*  ■  10*  cm/s)  significantly  exceeds  the  plasma* 
streaming  velocity,  which  is  on  the  order  of  the  ion- 
acoustic  velocity  (i.e.,  vt  «  2c,  ■  (5)  10s  cm/s,  where 
c,  ■  ion-acoustic  velocity),  it  is  therefore  usual  to  con¬ 
sider  the  electrons  to  be  in  thermal  equilibrium  and  to  have 
a  Maxwell-Boltxmann  energy  distribution  so  that 

/,!>,  t\  r)  ■  itgl 

•  exp  j  r)  -  ;  m, ir  j  jut,  j  ( I ) 

where  n  ■  initial  stream  electron  density,  and  t*  *  elec¬ 
tron  thermal  velocity. 

The  local  electron  density  is  then  given  by 

n;U,  0  ^  C*P  ((e+ft,  r)/W,)].  (2) 

The  ion-energy  distribution  cannot  be  as  easily  speci¬ 
fied.  for  there  is  no  ready  form  in  which  the  ion  density 
can  be  expressed.  The  local  ion  density  is  thus  expressed 

as 

n,  *  [  f,  di'  (3) 

where  /  is  to  be  determined. 

Substituting  (I)  and  (3)  into  Poisson's  equation,  one 
gets 


V3*  -  4« 


no  exp  [t+/KT,)  - 


(4) 


which  is  solved  along  with  the  Vlasov  equation  for  ions, 


|  +  v<.  ?/  +  -£?*-  VJ>0. 

at  ffl, 


(5) 


It  is  then  necessary  to  solve  (4)  and  (S),  subject  to  the 
appropriate  boundary  conditions,  to  get  self-consistent 
values  for  n„  nh  and  ♦. 

In  general,  four  boundary  conditions  are  required  to  ob¬ 
tain  a  solution.  These  arc  as  follows: 

1)  The  potential  on  the  body;  i.c.,  ♦  (/?)  »  where 
R  *  body  radius,  and  4*.  «  surface  potential. 

2)  The  potential  far  away  from  the  object,  usually  ex¬ 
pressed  as  ♦(«,  r).  but  necessarily  the  boundary 
potential  in  a  bounded  plasma. 

3)  The  distribution  function  for  ions,  far  away  from  the 
objcct/( »,  i»);  also,  it  is  just  the  distribution  func¬ 
tion  for  ions  at  the  edge  in  a  bounded  plasma. 

4)  The  distribution  that  describes  the  charged  ions 
leaving  the  surface  of  the  object— f(R,  t>K  ;>  0  ), 
where  vK  =  velocity  of  the  emitted  ion  at  the  bound¬ 
ary  of  the  object;  i.e.,  at  the  body  radius  R, 


Generally,  all  of  the  above  information  cannot  be  read 
iiy  known  and  some  assumptions  must  be  made,  l-'or 
boundary  condition  4,  for  example,  it  was  assumed  that 
the  object  surface  is  perfectly  conducting  to  incident  ions 
and  secondary  emission  was  ignored;  ft(R,  vM  >  0)  was 
therefore  set  to  *cra./|{»,  F).  on  the  other  hand,  was 
specified  to  be  a  drifting  Maxwellian,  given  by 

s‘  "  (s5r)  -  •■>’) 

where  v,  is  the  plasma  flow  velocity. 

The  boundary  potential  was  set  at  -l  KT„  which 
roughly  corresponded  to  the  actual  experimental  cham¬ 
ber-wall  sheath  value  and  the  object  body  potential  was 
set  at  a  steady-state  value  of  -20  V. 

The  actual  solution  technique  used  was  the  "inside 
out"  method  (8).  Particles  were  followed  from  a  point 
within  the  wake,  then  back  outside  into  the  ambient 
plasma  in  a  time-independent  fashion.  With  no  time  de¬ 
pendency  the  distribution  function  along  the  particle  (racks 
is  constrained  to  be  whatever  it  is  specified  to  be  in  the 
source  region,  thus  affording  a  means  of  solving  Vlasov’s 
equation  to  obtain  panicle  densities.  The  program  used 
was  the  Mcsothcrmal  Auroral  CHarging  (MACH)  pro¬ 
gram.  It  Is  an  adaptation  of  TDWAKK,  a  program  origi¬ 
nally  developed  for  the  National  Aeronautics  and  Space 
Administration  (NASA),  Currently  in  the  possession  of 
the  Space  Physics  Division  of  the  U.S.  Air  Force  Geo¬ 
physics  laboratory,  MACH  was  developed  in  pan  to 
stuJy  the  sheath  structures  surrounding  large  bodies  in 
space.  It  Is  2-D  (/?,  Z)  in  configuration  space  and  3-D 
( r, ,  t*f,  t'.)  in  velocity  space. 

Computations  were  carried  out  in  a  cylindrical  mesh 
centered  on  the  object,  and  the  Vlasov  and  Poisson  equa¬ 
tions  were  solved  to  produce  electron  density,  ion  den¬ 
sity,  total  density,  and  electric  potential  at  each  iteration 
node  point.  The  machire  on  which  the  program  was  ex¬ 
ecuted  was  a  RIDGE-32  supermini  computer. 

The  steady-state  results  for  the  electron  and  ion  density, 
as  obtained  by  inputting  the  parameters  for  the  ri  <  1 .0 
regime  of  the  experimental  study  and  iterating  in  a  cylin¬ 
drical  space  scaled  to  the  dimensions  of  the  plasma  cham¬ 
ber,  are  shown  in  Figs.  7  and  8.  respectively.  Corre¬ 
sponding  plots  from  data  taken  at  300  /is  (the  longest  time 
for  which  experimental  data  was  available,  and  which  is 
essentially  steady  state  in  the  experiment)  are  shown  in 
Figs.  9  and  10.  It  is  clearly  seen  in  the  experimental  re¬ 
sults  that  a  density  enhancement  occurs  in  the  wake  region 
of  both  species;  in  addition,  the  location  at  which  this  is 
true  is  roughly  equivalent,  for  it  occurs  between  Z/R0  « 
0.6  -«  1.2  for  the  electrons,  and  between  7./Ra  ■  0.5  - 
1 .0  for  the  ions.  In  the  simulation  results,  some  density 
enhancement  is  also  seen  in  the  wake  region.  The  location 
at  which  this  occurs,  however,  is  a  little  further  down* 
sticuui  front  that  of  the  CApeiifiicfltul  iciuiiM,  al  2 / "o  — 
1.6  —  2.1  for  ions  and  Z/Ru  =  1.7  -»  2.1  for  electrons. 
It  is  noted  too  that  in  the  electron  profiles  of  Fig.  7  there 
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is  some  apparent  enhancement  at  Z/Ru  »  0.7  —  1.0 
which  is  in  very  close  accord  with  ihe  experimental  re* 
suits.  The  amplitude  of  this  feature  with  respect  to  the 
ambient  density  is  considerably  less  than  was  observed  in 
the  corresponding  experimental  result  however,  and  fur¬ 
ther  efTon  is-  required  to  fully  resolve  this  feature  in  order 
to  determine  exactly  what  is  occurring  there.  One  possible 
16 


MORGAN  rt  »l  THE  DYNAMICS  OF  CHAEtitO  P/.ETICUS 


::s 


m  o 


COFTOUE-Uvru 
p-0.»10 
o*o  *io 
n-o.too 

*<0  <40 
|«0  <30 

k-o.uo 
J-0  <0O 

i-0.700 

h-o.#»o 
|-0, #00 
(•O.MO 

e-o.**o 

d-o.ioo 

C-0.400 

b-O.MO 

Q-O.IOO 


FI*,  II  A  <  I,  T*o-dimcn»ioiul  dtmiljr  eonieun  ftttm  linusli-ion  In  a  nc*Jy  mie. 


Z/Ro 

Fit-  12.  A  <  I.  Two-dimcotioml  loo  density  contours  from  ilmuUlion  in  a  iie»dy  Stile, 


conTOoa-nvtUt 

1  -  O.OSO 
i  -  o.ioo 
k  -  O.lio 
I  -  0.100 
I  -  O.M* 

•  -  O.MO 
d  -  0.400 
C  -0.100 
b  -  o.aoo 
a  -  o.aoo 


explanation  could  lie  in  the  fact  that  actual  number  den* 
litiea  were  calculated  .  the  simulation,  while  current 
density  was  the  actual  quantity  measured  in  the  expen* 
ments. 

A  different  perspective  of  the  information  in  Figs.  7  and 
8  is  shown  in  Figs.  1 1  and  12.  These  figures  essentially 
show  the  2 -D  density  contours  of  the  electrons  and  ions, 
respectively;  in  both,  the  density-enhancement  regions 
(indicated  by  an  arrow)  can  be  clearly  seen.  The  unnum¬ 
bered  contours  to  the  left  of  Z/Rq  **  O.S  are  indicative  of 
ions  impinging  direfctly  onto  the  backside  of  .the  object 
and  creating  a  region  of  significant  density  crmifiCcmciu 
in  the  process.  Such  a  feature  could  not  be  observed  in 
the  experimental  results  because  of  the  single-sided  nature 


of  the  Langmuir  probe  that  was  used  to  make  th re  density 
measurements.  This  is  due  to  the  fact  that  the  trajectories 
of  the  particles  that  give  rise  to  it  would  have  impacted 
directly  onto  the  backside  of  the  probe  which  was  covered 
with  an  insulating  ceramic  coating.  This  does  serve  to  il¬ 
lustrate  very  nicely,  however,  how  numerical  simulations 
can  direct  experimental  work,  for  the  presence  of  such 
impinging  ions  will  certainly  be  allowed  for  and  possibly 
be  detected  in  subsequent  laboratory  investigations. 

IV.  Discussion  of  Laboratory  and  Simulation 
Results 

Although  the  experimental  ion  and  electron  current 
density  profiles  are  similar  in  their  essential  features  to 
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(he  numerical  profiles,  (here  is  a  significant  difference  in 
(heir  magnitudes.  To  begin  with,  (he  experimental  daia 
shows  a  modi  larger  electron  current  density  enhance¬ 
ment  in  the  wake  when  compared  to  the  electron-density 
enhancement  seen  in  the  numerical  data.  This  might  be 
explained  by  the  fact  that;  a)  Electron  current  density  was 
the  quantity  measured  in  the  experiment,  while  the  actual 
electron  number  density  was  calculated  in  the  simulation. 
As  sud*.  dvn,  the  velocity  of  the  wake  electrons  could 
play  »  role  in  the  observed  differences  in  magnitude,  b) 
there  could  also  be  some  secondary  electron  emission  from 
the  backside  of  the  disc,  which  is  being  impacted  by  ions. 
These  electrons  would  contribute  additionally  to  the  en¬ 
hancement  of  the  wake  electron  current  density  as  mea¬ 
sured  in  the  laboratory  Since  secondary  emission  was  not 
considered  in  the  numerical  simulation,  this  added  en¬ 
hancement  effect  would  therefore  not  be  a  factor  in  the 
simulation  results:  c)  another  matter  that  could  have  some 
bearing  on  the  observed  differences  is  that  the  physical 
presence  of  a  probe  in  the  wake  region  of  an  object  will 
Influence  to  some  extent  the  very  parameters  which  the 
probe  seeks  to  measure.  Perturbations  of  this  type  are  par 
tieularly  noteworthy  in  these  experiments,  for  the  physics 
of  Langmuir  probes  in  the  wake  of  a  larger  object  is  cur 
rcntly  not  well  understood.  To  illustrate,  it  is  noted  that 
the  wake  of  the  probe  could  conceivably  interact  with  the 
wake  of  the  disc  in  such  a  manner  that  some  of  the  ob¬ 
served  difference  between  the  experiment  and  simulation 
data  might  be  attributed  to  the  perturbing  influence  of  the 
probe  We  are  currently  engaged  in  studying  how  such 
effects  could  potentially  arise  by  comparing  the  obtained 
l-V  characteristic  of  a  Langmuir  probe  that  is  physically 
immersed  in  a  plasma  (supported  on  a  conducting  probe 
shaft)  with  those  obtained  from  numeric."!  simulations  of 
a  probe-like  object  tha»  is  biased  at  vary  mg  potentials  to 
collect  electron  current  in  the  wake  rl  a  larger  object,  it 
is  hoped  that  along  with  the  wall  effects,  which  have  also 
been  included  in  the  simulation  parameters,  we  will  arrive 
at  a  better  understanding  of  laboratory  wake  dynamics  in 
the  presence  of  diagnostic  probes. 

The  picture  that  emerges  front  the  experimental  and 
simulation  data  then,  regarding  (he  dynamics  of  electrons 
and  ions  in  the  near  wake,  is  a  somewhat  more  involved 
process  than  that  depicted  in  what  lias  become  the  stun 
dard  view  of  the  near-wake  environment  From  that  per 
speetive,  ions  follow  straight  line  or  "ballistic"  trajec 
lories  in  going  past  an  object  immersed  in  a  collisionless 
plasma  flow  and  cross  the  geometric  axis  of  the  object 
somewhere  in  the  mid-  to  fur-wake  region.  The  near  wake 
(the  region  in  the  immediate  vicinity  of  the  object  and 
extending  out  to  roughly  7./R„  <  4 )  is  thought  to  be  ion 
free  These  are  the  underlying  assumptions  m  the  works 
of  several  authors,  including  Taylor  |‘J].  Martin  1 10],  Ko 
nuinann  (II).  and  Stone  1 12). 

One  diliiculty  with  this  standard  viewpoint  is  the  fad 
that  for  plasma- flow  regimes  in  which  the  potential  rgv 
of  the  object  exceeds  the  kinetic  flow  energy  of  the  plasma 


stream— i.c.,  when  A  <  1.0-icn  trajectories  will  not  fol¬ 
low  ballistic  paths,  and  as  seen  in  Figs-.  2-6,  9,  and  10- 
ions  do  enter  into  the  near-wake  region.  Such  conditions 
could  arise  from  the  charging  of -a  spacecraft  during  the 
emission  of  a  chargcd-particlc  beam  or  during  an  auroral 
event. 

The  results  indicate  that  if  an  A  <  1.0  scenario  sud¬ 
denly  comes  about,  ions  will  be  attracted  to  the  object, 
and  under  the  influence  of  the  surrounding  charge  sheath, 
which  initially  is  large  in  extent  (on  the  order  of  the  object 
radius  prior  to  the  arrival  of  the  mam  bulk  plasma »,  will 
follow  a  curved  trajectory  into  the  region  behind  the  ob¬ 
ject.  This  focusing  action  is  enhanced  by  the  fad  that  the 
sheath  contracts  as  the  plasma  density  increases  at  the  ob¬ 
ject  location  (the  final  Debye  length  is  50,33  ems  in  our 
experiment),  for  the  contracting  sheath  serves  to  pull  ions 
even  etoscr  to  the  object.  Indeed,  it  is  seen  from  the  sim¬ 
ulation  data  that  some  ion  trajectories  impinge  directly 
onto  the  backside  of  the  object,  even  m  n  steady  state. 

The  excess  positive  spaee  charge  generated  by  the 
buildup  of  ions  just  behind  the  object— clearly  seen  in  Fig, 
12- subsequently  serve  to  attract  more  electrons  to  the 
area.  This  is  supported  by  the  experimental  data  m  Figs, 
2  and  3.  As  was  pointed  out  in  Section  II,  not  only  do  the 
ions  move  into  the  wake  region  before  the  electrons,  but 
the  electron  density  is  at  a  maximum  at  a  later  time  than 
the  corresponding  time  for  the  ions,  it  is  this  mechanism 
that  is  thought  to  bring  abou.  a  cOldcr-ihan-ainbiciit  elec¬ 
tron  temperature  in  the  near  v»akc  region. 

Of  course,  the  electrons  .an  never  directly  impact  the 
object,  as  the  ions  easily  can.  unless  they  possess  energy 
sullicicnt  to  overcome  the  object's  potential  barrier.  It  can 
lw  expected  that  the  electrons  will  be  ultimately  reflected 
at  the  point  where  (he  potential  barnc:  equals  their  kinetic 
energy.  For  an  electron  population  that  is  perfectly  Holt/- 
maim  in  distribution,  the  I  ATr  potential  contour  will  be 
roughly  the  closest  that  electrons  can  be  expected  to  ap¬ 
proach  the  object.  For  an  electron  distribution  that  has  a 
hot  tail  component,  as  was  die  case  m  the  experiments,  it 
might  be  expected  that  electrons  would  approach  even 
closer  to  the  object  With  electron  densities  on  the  order 
of  10’  cm  \  the  Debye  length  was  «Q .3  cm.  which  cor¬ 
responded  t«  a  location  of  ii/llii  *  0. 1 .  It  would  therefore 
seem  possible  lot  t  !cvlrons  to  approach  to  within  7  >  R,, 

I  U.  even  in  steady  state,  and  that  both  ions  and  electrons 
would  be  present  m  the  near  wake.  The  steady -state  re¬ 
sults  seem  to  indicate  tins  to  he  true 
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Aha r raej ,  The  temporal  evolution  of  the 
alter ron  snargy  distribution  in  aha  near 
wake  of  a  conducting  object  has  been 
studied  experimentally,  using  a  pulsed 
plasma  stress,  Ue  have  found  that 
depending  on  the  electron  energy  distri¬ 
bution  of  the  Vnetdem  plasma  stress  And  on 
the  extent  to  which  the  ion  flow  energy  It 
greater  or  lower  than  the  potential  energy 
of  the  object,  the  electron  temperature  may 
be  hotter  or  colder  than  the  sab tent  value 
in  the  region. 

Introduction 

The  issue  of  whether  or  not  the  electron 
teeparature  in  the  near  wake  of  a  conduct¬ 
ing  body  is  hotter  or  colder  than  the 
ambient  value  has  been  the  concern  of 
several  authors  over  the  past  few  years. 

The  Ceslni/Agena  satellite  data  reported  by 
Ktdved  (1969],  was  asong  the  first  to 
provide  evidence  of  an  enhanced  electron 
tesperature  in  the*  near  wake  Subsequently, 

Stair  and  l\«nn  (1972]  reported  a  temp¬ 
erature  enhanceaenc  of  SO  -  100%  frea  their 
analysis  e*  the  Explorer  >1  data.  Since  the 
advent  of  the  apsce  shuttle,  the  electron 
tesperature  issue  has  becoae  less  clear. 

Siskind  et  al,  (1934]  and  Raltt  et  al, 

[1964],  report  no  tesperature  enhancement 
In  the  near  wake  of  the  shuttle.  Siskind 
[1965]  in  fact  aentiona  that  froa  their 
analysis,  the  electron  tesperature  actually 
decreased  In  the  wake  of  the  space  shuttle 
Orblter  by  almost  2COO°K  froa  the  aablenc 
value.  On  the  contrary,  Murphy  et  al. 

(1966]  report  seasuring  a  factor  of  4—  S 
increase  in  electron  tespereture,  in  a 
different  experlsent,  in  the  wake  of  the 
sane  STS -3  shuttle  alsslon. 

The  Issue  is  equally  controversial  in 
laboratory  investigations,  lncrlllgator  and 
Steele  (1963]  report  no  enhanccsenc  in 
their  experiment  using  a  very  high  energy 
(a  IKeV)  plassa  scream;  while  llliano  and 
Storey  [1974],  Orer.  «c  al.  (19/5]  and 
Shuvalov  (I960],  found  an  enhanced  electron 
tesperature  in  the  wake  using  a  such  lover 
energy  plassa  screaa.  Saalr  et  al.  (1986], 
and  others,  have  speculated  that  the 
electrons  could  be  energised  in  the 
negative  potential  sheath  of  the  wake  by 
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some  wave-parrlele  Inmarrlon.  Uurevleh  et 
al.  (1966]  and  Curevleh  and  Mesheherkln 
1 1981b]  offer  two  other  possible  th-ories 
for  enhanced  electron  tesperature  in  the 
near  wake  The  firsr  Is  associated  u*ih  the 
expansion  of  the  ambient  plasma  into  the 
void  of  the  near  wake,  and  the  resulting 
neutttcratreaalng  electrons  that  can 
kunfrlbute  to  the  hearing  of  the  wake 
electrons.  A  recent  ruaerieal  simulation 
by  Singh  et  al  J1907]  indicates  that  this 
is  indeed  a  possible  mechanism  for  electron 
heating  The  second  theory  postulates  that 
Jump  discontinuities  exist  in  the  plasma 
parameters  in  the  wake  region  and  this 
serves  to  excite  ien  acoustic  waves.  As  the 
damping  of  these  waves  occur  through  Landau 
absorption  by  the  electrons,  an  enhancement 
In  the  electron  temperature  In  that  region, 
is  again  suggested.  However,  the  fact  that 
a  colder  electron  temperature  is  observed 
in  the  .rear  wake  of  the  STS-J  shuttle 
mission  for  example,  is  not  predicted  by 
either  theory. 

in  this  letter,  v«  provide  laboratory 
results  which  show  that  the  electron  temp¬ 
erature  in  the  near  wake  can  be  either 
colder  or  hotter  than  the  ambient  value,  Ue 
have  found  that  key  Influencing  factors  ste 
the  nature  of  the  electron  distribution  in 
the  plassA  scream  and  a  dimensionless  vari¬ 
able  A  •  which  is  defined  as  the  ratio  of 
the  ion  flow  energy  to  the  magnitude  of  the 
negative  body  potential  energy.  When  A  > 
1.0,  only  the  tall  population  of  the  bulk 
electron  distribution  can  penetrate  Into 
the  near  vake.  For  a  bulk  electron  distri¬ 
bution  with  a  relatively  energetic  tall, 
the  wake  electron  temperature  would  appear 
hotter  •  by  a  factor  of  two  in  our 
experiment  for  example,  than  the  ambient 
value.  On  the  other  hand,  for  A  <  1.0  It 
was  found  chat  a  significant  number  of  cold 
electrons  «  which  probably  entered  via  the 
Ion  space  charge  electric  field,  are 
present  In  the  near  wake;  and  the  electron 
temperature  In  the  region  can  bo  even 
colder  than  the  ambient  value 

Experimental  Considerations 

Our  experiments  were  carried  out  in  a 
modified  double  plasma  device,  which  has 
been  described  in  a  previous  publication 
(Chan  at  al.,  1986],  The  body  used  was  a 
chin  (thickness  <  0.5cm)  aluminium  disc, 
with  radius  P-0  =  3.25cm,  which  was 
suspended  in  the  middle  of  the  stream, 

5.0cm  from  the  plasma  entrance  Into  the 
target  chamber. 


The  uA.  Government  It  aulhorlicd  to  reproduce  and  sell  tnlt  report. 
Permltrlon  for  further  reproduction  by  othert  mutt  be  obtained  from 
the  copyright  owner. 
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Experimental  Result* 

Th«  electron  density  profile  obtained  by 
scanning  transverse  to  the  plasas  flow,  at 
3.0cm*  (2/R0  -  0.9)  behind  the  disc.  It 
teen  In  Figure  la  for  the  A,  >  1.0  regia*, 
end  In  Figure  lb  for  A  <  1.0,  Coopered  to 
thu  Aablent  dentlty  In  Figure  le.  the  vake 
l*  a  relative  void  Contrettlngly.  * 
dentlty  enhancement  In  the  veto  of  Figure 
lb  It  clearly  evident 

Difference*  in  dentlty  are  also  apparent 
for  the  three  cUe  periods  shown  In  Figure 
2  end  Figure  3,  where  the  electron  energy 
distribution  for  the  A  >  1.0  end  A  <  1.0 
regtae*  respectively,  «re  Indicated  on 
seaMog  plots.  Ic  Is  noted  also  froa  the 
profiles  In  Figure  2  and  Figure  3,  that 
while  the  aablent  temperature  tt  clearly 
colder  than  that  of  the  w*k«  region  In  the 
A  >  1.0  regime,  the  convert*  Is  true  for  A 
<  1.0.  Indeed  in  Figure  3  It  Is  seen  that 
the  wake  profile  displays  a  somewhat  colder 
characteristic  than  the  ambient  profile. 

Ue  have  found  that  In  both  reglae*.  the 
electron  energy  distributions  consist  of  a 
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Fig.  1.  (a)  A  >  1.0;  Transverse  aleecron  current 

density  profile  at  100**  and  3  Oca  (2/R0  -  0.9) 
behind  disc,  (b)  A  <  1.0;  Transverse  electron 
current  density  profile  at  lOOps  and  3. Oca 
(2/Rn  -  09)  behind  disc. 

t  Energy  Analyser  Probe  location  for  aablent  data 
j  Energy  Analyser  Probe  location  for  wake  data 
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Ue  have  found  that  the  near  wake 
electron  temperature  can  either  be  hotter 
or  colder  than  the  aablent  value,  depending 
on  the  variable  A.  Two  different  plasaa 
regimes  were  studied.  Typical  paraaeters 
for  the  flrac  reglae  were:  Source  density 
("„),*  lO'c*  ,  Target  density  (it.) 
s  l08cmJ;  Ion  flow  velocity  (u0)  =  3-  Se,,. 
where  ca  Is  the  Ion  acoustic  velocity; 

Debye  length  {*D)  s  0.33ca.  Tlte  steady 
state  P  ' *  »  potential  of  the  body  dg 

was  »«  •  •  J  A  -  2.0  -  3  0. 

In  the  t.coud  reglae,  the  Ion  ftov 
velocity  was  reduced  to  1  —  2cs.  Source  and 
target  densities  were  about  the  saae  as  the 
first  reglae,  but  dB  was  a  -23V.  The  aajor 
difference  here  was  that  A  decreased  to 
(MS -0.32  or  A  <  1.0. 

The  electron  distribution  function 
measurements  were  made  with  an  electro* 
static  energy  analyser  of  radius  <  O.Sca. 
The  front  grid  was  biased  at  slightly  above 
the  local  plasaa  potential  of  1.0—  2.0V, 
to  ensure  that  it  was  not  seen  as  a  barrier 
to  the  aablent  electrons;  and  Ic  also 
ensured  that  the  swept  voltage  on  the 
discriminator  did  not  penetrate  Into  the 
plasma. 
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Fig.  2.  A  >  1.0;  Energy  Analyser  Probe  crcces  cf 
aablent  and  wake  data  at  3. Oca  (Z/RQ  -  0.9),  and 
tlao  a)  SOOps;  b)  lOOps;  c)  70ps. 
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Fig.  3  A  <  1.0;  Energy  Analyser  Probe  cr*ee«  of 
ambient  «nd  wake  data  at  3, Oca  (Z/R0  -  0.9)  and 
Cine  a)  500>,s;  b)  100,.*;  c)  70 »*. 


Maxwellian  bulk  eltccron  population  at  the 
plasma  potential  and  another  population  ol 
hotter  tall  electrons.  This  call  electron 
population  originates  fr os  three  probable 
sources.  These  are.  l)che  switching  process 
at  the  grids  (Chan  at  si.,  1986); 

2)degradod  primary  electrons  from  the  hoc 
fllaaents;  and  3)other  heating  process 
associated  with  the  flawing  plassa. 

For  A  >  1.0,  the  asblenc  cesporature  7e 
around  the  plassa  potential  Is  approx- 
isacely  AoV  and  the  call  population  is 
hotter  at  lOeV.  The  wake  cesporature  In 
the  sane  regime  however  Is  clearly 
different,  with  a  value  of  Te  »  lOoV  at  the 
plassa  potential  and  no  obvious  call.  On 
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the  ocher  hand,  the  wake  electron  distri¬ 
bution  for  the  A  <  1.0  regime  consists  of  a 
colder  bulk  electron  population  of  Tf  3  4eV 
as  well  a  tall  population,  untch  la  on 
average  hotter  at  approximately  9eV.  It  la 
noted  from  Figure  3  also,  that  the  asblenc 
plasna  Is  fairly  Maxwellian  •  l.e  a 
straight  line  on  the  aesllog  plot,  with  T # 

-  10  -  !3eV  and  no  distinct  call  population 
present.  A  listing  of  the  particular 
electron  temperatures  as  obtained  from 
analyzing  the  slopes  of  the  distributions 
In  Figure  £  and  Figure  3  1s  presented  In 
Tables  1  And  2  respectively. 

Discussion 

As  the  major  difference  between  the 
regimes  A  >  1.0  and  A  <  1.0  Is  disc  the  (on 
trajectory  Is  aimoac  ballistic  (n  passing 
by  the  object  tn  the  former  rase  while 
this  (s  not  true  In  the  lattet  Instance, 
our  experimental  results  suggest  the 
following  hypothesis  for  the  electron 
behaviour,  and  the  resulting  cesporature 
In  the  near  wake.  In  the  A  <  1.0  Instance, 
the  Ions  ate  attracted  Into  the  near  wake 
of  the  body  as  a  result  of  the  high 
negative  body  potential  ot  the  object  and 
the  relatively  low  flow  energy.  They  In 
turn,  attract  In  the  relative  cold  asblenc 
electrons  via  their  space  charge  electric 
field.  The  net  effect  is  chat  a 
significant  enhancement  In  Ion  and  oleccton 
density  occurs  in  the  nesr  wako,  with  the 
cold  asblenc  electrons  being  transferred  to 
the  vake,  evidenced  by  the  cold  bulk 
electron  population  vlth  Ti  3  *eV,  chat  wa 
observed.  This  Is  such  colder  chan  the 
asblenc  value.  In  fact,  the  asblenc 
temperature  now  depleted  of  It's  cold 
population,  can  be  expected  to  be  hotter 
then  usual,  and  It  does  display  a  hotcer 
temperature  of  Te  t  lOeV.  When  A  >  1.0,  the 
floating  potenclel  of  the  object  Is  ssall 
In  cosperlson  with  the  kinetic  energy  of 
the  ions,  lsplylng  that  cho  Ions  are  noc  as 
strongly  actrsccod  Into  the  near  waka. 

Since  the  Ion  trajectory  Is  essentially 
ballistic,  one  would  expect  only  energetic 
call  electrons  which  esn  overtone  the 
sheath  electric  field,  to  get  Into  the 
wake,  and  the  temperature  there  should  be 
on  the  order  of  that  for  Che  ambient  call. 
Tho  data  seems  to  support  these  expect¬ 
ations. 

The  results  therefore  suggest  the 
operation  of  a  velocity  filtering  sechanlsa 
In  the  near  wake  electron  dynamics,  and  as 
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such,  appears  to  controller  the  simulation 
result*  of  Singh  «t  «1.  (1987J;  for  the 
eounterstreamlng  electron  population*  that 
Interact  to  produce  a  a  Ingle  war*  electron 
population  reported  In  that  work,  were  no: 
ob**rv«d  by  ua  when  A  >  1.0  •  the  regime 
th-c  corresponds  to  their  alaulaclon 
condition*,  Rather,  the  war*  electron 
population  In  the  near  wake  region  comes 
fro*  the  call  portion  of  the  **blenc 
electron  dlatrlbuclon.  It  la  noted  that  of 
the  previously  mentioned  laboratory 
experiments  In  which  a  c*»peratur« 
enhancement  wa*  obaerved,  the  plasma 
acre***  all  originated  fro*  discharge 
plaamat  which  contained  a  population  of 
energetic  call  electrons.  Our  results  Are 
therefor*  consistent  with  these 
observations. 
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1.  Introduction 

THE  physics  associated  with  a  body  moving  rapidly 
through  a  plasma  and  a  plasma  streaming  past  a  sta¬ 
tionary  body  arc  essentially  similar.  In  the  most  com¬ 
monly  considered  ease,  the  body  acts  as  a  sink  for  the 
charged  panicles  which  strike  it  and  leave  behind  a  wake 
where  the  panicle  densities  are  disturbed  from  their  am¬ 
bient  values.  Although  most  of  the  disturbances  arc  cre¬ 
ated  in  the  vicinity  of  the  body,  the  disturbed  zones  can 
reach  large  distances  downstream.  The  study  of  plasma 
wakes  has  long  been  a  subject  of  interest  in  spec  physics, 
especially  in  the  context  of  solar  wind/planetary  body  in¬ 
teractions  1 1 1,  aerodynamics  of  spacecrafts  in  the  iono¬ 
sphere  |2|,  and  the  structuring  of  comet  tails  (.'ll. 

Since  it  is  difficult  to  obtain  detailed  measurements  of 
plasma-wake  regions  in  space,  laboratory  experiments 
|4|»(7|  have  been  utilized  to  simulate  the  various  wake 
phenomena.  Most  laboratory  experiments  in  (he  past  have 
employed  steady-state  plasma  streams  and  stationary  bod¬ 
ies.  These  so-called  plasma  wind  tunnel  experiments  have 
revealed  a  number  of  interesting  effects,  including  the  fo¬ 
cusing  |5|  of  ion  streams  onto  the  wake  axis  by  the  elec¬ 
tric  fields  within  (he  sheath  of  a  floating  body,  and  the 
excitation  |5|  -|7|  of  wave-like  disturbances  downstream 
of  the  body.  However,  there  is  still  a  dearth  of  knowledge 
with  regard  to  the  temporal  behavior  of  the  wake  region. 
Such  information  has  become  even  more  important  in  the 
space  shuttle  era  with  the  'urge  size  of  the  shuttle  and  the 
variety  of  active  experiments  taking  place  within  the  shut- 
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tie  wake.  Significant  temporal  variations  of  plasma  pa 
rameters  (i.e..  fluetuatio.is  in  plasma  potentials!  m  the 
shuttle  wake  may  also  aTcet  the  operation  of  some  diag¬ 
nostic  instruments  [8J  fc.g,  ac  electric  field  antennas  and 
panicle  analyzers)  which  may  be  placed  within  Midi  re- 
gions  of  disturbed  plasma.  In  this  paper,  we  present  lab¬ 
oratory  results  on  the  temporal  evolution  of  the  wake  re¬ 
gion  behind  a  conducting  disc  using  a  pulsed  plasma 
stream.  An  additional  advantage  of  using  a  pulsed  plasma 
stream  instead  of  a  steady-state  stream,  is  that  the  plasma 
potential  and  density  profiles  in  a  steady  state  are  deter¬ 
mined  by  a  balance  of  the  electron  and  ion  loss  to  the  body 
and  the  chamber  walls.  As  such,  the  measured  profiles  of 
the  wake  in  a  steady-state  experiment  may  depend  on  the 
conditions  at  the  boundaries,  as  well  as  the  confinement 
characteristics  of  the  deviee  in  which  the  experiment  is 
performed. 

By  pulsing  the  plasma  stream  on  and  offal  a  I  requeues 
of  100  Hz.  we  are  able  to  examine  the  very  early  stage  of 
the  wake  formation  process  (i.e..  before  the  mam  plasma 
stream  reaches  the  chamber  walls).  Our  initial  investiga¬ 
tion  has  been  concentrated  on  the  electron  and  ion  dynam¬ 
ics  in  the  near  wake.  This  study  is  motivated  by  our  recent 
observations  |9)  of  significant  electron  temperature  vari¬ 
ations  in  the  near  wake  of  an  electrically  floating  body. 
Since  there  have  been  a  number  of  conllicting  observa¬ 
tions  |  I0J-|  17|  in  laboratory  and  space  plasmas  regarding 
the  issue  of  electron  temperature  enhancement  in  the  near 
wake  of  a  floating  body,  a  detailed  study  of  the  electron 
and  ion  dynamics  in  that  region  seemed  to  be  in  order 

Unlike  most  previous  results  |5|,  [61  which  report  an 
ion  void  region  one  to  two  body  radii  R„  downstream  of 
the  body,  we  have  found  the  presence  of  both  electron  and 
ion  streams  in  that  region.  The  electron  streams  base 
rather  complicated  flow  patterns  and  are  present  only  when 
the  body  potential  <S0  is  negative  with  respect  to  the  plasma 
potential,  indicating  that  they  may  be  associated  with  the 
positive  sheath  electric  field  of  the  negatively  floating 
disc.  To  our  knowledge,  the  data  presented  here  is  the 
only  attempt  so  far  to  investigate  the  temporal  dynamics 
of  the  electrons  in  the  near  wake  of  a  body.  The  organi¬ 
zation  of  the  paper  is  as  follows.  Section  II  contains  a 
brief  description  of  the  experimental  apparatus.  Section 
III  presents  data  on  the  temporal  and  spatial  evolution  of 
the  electron  and  mn  current  density  profiles  in  the  near 
wake.  A  comparison  of  our  results  with  previous  work 
and  our  conclusions  arc  given  in  Section  IV. 
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II.  Bxri  kimi.stal  Consii>rkat»oss 

Our  experiments  were  performed  in  a  modified  double 
plasma  device  shown  in  Fig.  I .  An  argon  plasma  was  pro¬ 
duced  by  hot  filaments  placed  inside  a  multidipolc  surface 
magnetic  field  1 18)  in  the  source  chamber.  The  target 
chamber  was  separated  from  the  source  chamber  by  four 
fine  mesh  gnds  ( fc  60-percent  transparency  each).  The  two 
outermost  grids  were  always  held  at  ground  so  that  all  of 
the  chamber  walls  and  the  plasma  boundaries  were  at  the 
same  potential  (i.c,  at  ground).  The  two  inner  grids  were 
biased  at  +50  V  and  - 100  V.  respectively,  in  order  to 
prevent  the  source  ions  and  electrons  from  entering  the 
target  chamber  (which  was  a  vacuum  with  neutral  argon 
pressure  P0  <  1.5  x  IQ'4  torr)  at  time  i  <  0.  The  plasma 
potential  of  the  source  can  be  adjusted  by  the  bias  on  the 
source  anodes.  At  time  r  »  0,  both  inner  grids  were 
swiichcd  to  ground  and  source  plasma  expanded  freely 
into  the  target  chamber.  Since  the  source  plasma  potential 
was  always  positive  (d,  a  5-20  V)  with  respect  to  ground 
and  the  target  plasma  potential  (<bT  z  2  V),  the  source 
electrons  entered  the  target  chamber  with  no  directed  en¬ 
ergy.  On  the  other  hand,  ions  entering  the  target  chamber 
were  accelerated  by  the  potential  difference  between  the 
source  and  target  plasmas,  i.e.,  with  directed  energy  E, 
a  eto,  -  dr).  By  adjusting  the  anode  bias  voltage  and 
hence  d,«  the  ions  stream  into  the  target  chamber  with  an 
adjustable  range  of  Mach  number  A/  (i.e.,  M  =  u0/ct 
where  u0  is  the  velocity  of  the  ion  flow  and  c,  is  the  ion 
acoustic  velocity).  Since  the  two  outermost  grids  are  at 
ground  potential,  pulsing  the  inner  grids  does  not  affect 
the  boundary  conditions  of  the  target  and  the  source 
plasma  (i.e.,  they  are  not  seen  as  effective  anodes  for 
either  plasma).  The  characteristics  of  the  expanding 
plasma  stream  with  M  2:  1  have  been  described  in  some 
detail  in  a  previous  publication  (19).  In  that  experiment, 
the  motion  of  the  plasma  was  found  to  be  self-similar  (20) 


except  at  very  early  times  (r  +0  jts)  when  an  Ion  front 
wax  observed.  At  the  expanding  front,  the  electrons 
moved  ahead  of  the  ions  and  the  resultant  ambipolar  dec 
trie  field  accelerated  a  few  ions  to  velocities  a  few  tunes 
the  ion  acoustic  velocity  t*,.  In  the  main  plasma  stream, 
the  electrons  moved  along  with  the  ions  at  approximately 
the  ion  flow  velocity. 

In  the  present  experiment,  the  source  plasma  potential 
<»,  wns  set  at  10-20  V  above  ground  which  resulted  in  a 
plasma  stream  velocity  of  u0  a  3-5  e,.  Typical  operating 
parameters  were  plasma  source  density  «„  a  Iflr  cm  . 
average  plasma  stream  (target)  density  ft,  a  10s  It)' 
cm  \  ambient  electron  temperature  Tf  2  2-4  cV,  ami 
ion  temperature  7',  a  0.3  eV.  Them  also  appeared  to  be 
a  very  small  population  of  higher  roergy  electrons  ami 
ions  at  the  front  of  the  plasma  stream.  We  believe  that 
these  particles  were  origina’Iy  trapped  between  the  two 
inner  switching  grids  at  r  <  0  ami  acquired  a  directed 
energy  when  the  grids  were  switched  to  ground  at  /  -  0. 
These  ballistic  panicles  arc  therefore  similar  to  die  so 
called  pseudowave  effects  observed  in  other  plasma  ex¬ 
periments  when  the  potential  of  a  grid  immersed  in  a 
plasma  was  changed  abruptly.  Although  the  density  of 
these  panicles  is  very  low  (less  than  I  percent  of  the  am¬ 
bient  density)  they  can  contribute  to  the  initial  charging 
of  the  floating  body  in  our  experiment.  One  obvious  evi¬ 
dence  of  this  effect  is  the  dependence  of  the  floating  po¬ 
tential  of  the  body  on  the  bias  voltage  of  the  switching 
grid  at  very  early  times  /  <  10  ps.  In  this  paper,  we  will 
concentrate  on  wake  data  which  utilize  thin  aluminum 
discs  (thickness  £0.5  cm)  with  a  radius  ranging  from  I 
to  5  cm  as  floating  bodies.  The  parameter  regime  in  our 
experiment  is  quite  similar  to  the  ionospheric  plasma  con¬ 
dition  with  the  exception  of  a  higher  elcctrcn-to-ion  tem¬ 
perature  ratio  in  our  experiment. 

A  series  of  experiments  has  been  performed  in  order  to 
study  the  electron  dynamics  in  the  near-wake  region.  Al¬ 
though  the  boundary  conditions  are  almost  the  same  for 
each  set  of  the  experiment,  the  initial  conditions  were 
slightly  different  (i.e.,  the  source  plasma  potential  may 
differ  by  a  few  volts  from  day  to  day  even  though  the 
operating  parameters  are  kept  the  same).  As  such,  the  de¬ 
tails  of  the  wake  region  varied  somewhat  in  each  experi¬ 
ment,  but  the  overall  results  remain  essentially  the  same. 

In  order  to  minimize  the  effect  of  the  radial  walls  on  the 
wake  formation,  an  aluminum  aperture  with  a  20-cm  ra¬ 
dius  was  placed  onto  the  grid  that  is  closest  to  the  target 
chamber  (i.e.,  the  top  grid  in  Fig.  1).  The  presence  of  the 
aperture  limited  the  radius  of  the  plasma  stream  to  ap¬ 
proximately  20  cm.  In  previous  experiments  |2 1 ).  we  have 
studied  the  expansion  of  a  plasma  stream  through  such  an 
aperture  and  found  that  almost  no  radial  transport  of  the 
plasma  stream  had  occurred  for  /  <  100  /ts  due  to  the 
high  velocity  of  the  plasma  in  the  streaming  (axial)  direc¬ 
tion. 

The  electron  current  density  profile  measurements  were 
obtained  by  scanning  a  single-sided  Langmuir  probe  (a 
tantalum  disc  with  a  0.1 -cm  radius)  in  the  transverse  di- 
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Fig  2  Tile  icwfiHal  hthivhtf  of  the  fl»»iMitg  potential  of  if*  ill* , 


Fig-  3.  Time-evolving  electron  current  tlenvity  prolilet  >1  ziKo  ■  0.2  (the 
Jim:  with  K„  *  3-3  cm  is  placed  at  z(R0  »  01 

rcction.  The  probe  had  a  specially  designed  inner  shaft 
made  with  spring  steel  tubing.  By  externally  adjusting  the 
length  of  the  inner  shaft,  the  probe  can  be  placed  at  var¬ 
ious  distances  downstream  of  the  body  (sec  Fig.  1).  This 
design  eliminated  the  use  of  mechanical  maneuvering  sys¬ 
tems  inside  the  plasma  and  significantly  minimized  the 
perturbations  created  by  the  probe.  Faraday  cups  and 
electrostatic  energy  analyzers  can  also  be  placed  on  this 
piobe  shaft  for  obtaining  particle  measurements  in  two 
spatial  dimensions. 


Fig.  4  Time-evolving  election  current  dcnviiy  pmSIcv  at  ;iR„  ■  tl  6 


HI.  Fxpfkimkntal  Riisut.rs 

At  time  r  =  0,  the  source  plasma  was  allowed  to  enter 
the  target  chamber  with  an  average  ion  flow  velocity  «„ 
*»  4c,.  An  electrically  floating  disc  with  radius  R0  »  3.1 
cm  was  placed  on  the  axis  of  the  device,  5  cm  away  from 
the  aperture  grid.  The  ratio  of  body  radius  to  Debye  length 
was  on  the  order  of  10  in  steady  state.  In  Fig.  2.  we  show 
the  temporal  behavior  of  the  disc  potential  6a.  As  the 
plasma  stream  expands  past  the  disc,  the  floating  potential 
of  the  disc  first  decreases  rapidly  to  6o  a  “25  V  and  then 
settles  back  to  a  steady-state  value  of  6o  =  "20  V  for  r 
>  50  ps.  The  initial  high  negative  value  of  6, i  is  possibly 
caused  by  the  existence  of  some  ballistic  electrons  after 
the  switching  of  the  grid  as  discussed  in  Section  II.  The 
ratio  of  the  body  potential  to  the  electron  thermal  energy 
(e6a!Tt)  was  on  the  order  of  10  in  steady  state. 

Figs,  3, 4,  5,  and  6  show  the  temporal  evolution  of  the 
transverse  electron  current  density  profiles  at  successive 
axial  distances  ztR0  =  0.2, 0.6,  0.8.  and  1.1  downstream 
of  the  disc,  respectively.  The  electron  current  density  pro¬ 
files  were  obtained  by  scanning  the  Langmuir  probe  in  the 
transverse  (R)  direction  with  collector  surface  facing  the 
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plasma  source  A  Boxcar  interferometer  averaging  tech 
ntque  |I9|  was  used  to  obtain  the  tune  resolved  current 
density  profiles.  The  Langmuir  probe  was  biased  posi- 
lively  (5-30  V)  with  respect  to  the  target  plasma  potential 
so  that  the  probe  collected  electron  saturation  current.  We 
have  obtained  essentially  identical  electron  current  den¬ 
sity  profiles  for  a  probe  bias  voltage  range  of  3-50  V  when 
i  >  20  ps.  This  indicates  that  the  biasing  on  the  probe 
has  not  altered  the  electron  trajectories  nor  the  plasma  po¬ 
tential  contours  significantly.  The  higher  positive  bias- 
voltage.  e.g  ,  30  V,  is  needed  to  prevent  the  ballistic  ions 
front  reaching  the  probe  right  after  the  switching  of  the 
grids. 

As  the  plasma  stream  expands  into  the  target  chamber, 
the  plasma  density  at  a  fixed  axial  location  increases  with 
time  and  reaches  a  steady  state  at  time  r  100  ps.  This 
effect  is  shown  clearly  in  Figs.  3-6  where  the  density  of 
the  plasma  stream  is  higher  near  the  source  (i.e.,  at  smaller 
zIRo  values)  and  increases  in  time.  The  wake  boundary  is 
also  found  to  narrow  in  time.  The  narrowing  of  the  wake 
boundary  may  be  attributed  to  the  following  effects.  1} 
The  increase  of  the  plasma  density  in  time  results  in  a 
decrease  of  the  Debye  length  Xw.  and  therefore  the  shield- 
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ing  distance  of  the  disc  potential,  in  time.  As  Mich,  one 
would  expect  the  extent  of  the  pcnurhution  created  by  the 
body  to  also  decrease  in  time.  2)  The  wake  regain  may 
be  filled  by  a  radial  expansion  of  the  ambient  plasma 
stream  into  the  void  region  |22|. 

The  transverse  electron  current  density  profiles  at  early 
time  (e.g.,  i  <  40  ps)  in  Figs.  3-6  resemble  that  of  an 
electron  void.  However,  for  timer  fc  40  ps.  two  distinct 
electron  streams  are  observed  to  emerge  inside  the  wake 
at  axial  distance  ;//(«  2:  0.6  downstream  of  the  disc.  The 
two  electron  streams  appear  to  be  more  separated  when 
they  are  further  away  from  the  body;  i.e..  at  r  -  5(1  ps. 
the  two  electron  peaks  are  further  apart  at  zfRo  “  I  - 1  titan 
at  zIRo  =  0,6.  On  the  other  hand,  the  two  peaks  also  ap¬ 
pear  to  merge  together  us  time  increases;  i.e..  at  z!Ru  *- 
1 . 1 ,  the  two  peaks  are  closer  at  r  =  85  ps  then  at  r  ^  40 
ps.  The  amplitudes  of  the  electron  streams  also  increase 
with  time  and  become  even  higher  than  the  ambient  value 
for  r  =  70  ps  and  zIRq  «  0.8. 

In  Figs.  7  and  8,  wc  show  the  two-dimensional  profiles 
of  the  near  wake  at  time  r  =  55  ps  and  t  ~  70  ps,  re¬ 
spectively.  The  data  were  obtained  in  a  different  experi¬ 
ment  under  similar  conditions.  Since  the  Langmuir  probe 
can  only  sec  electrons  which  have  a  velocity  component 
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in  the  +c  direction,  the  electron  streams  appear  to  evolve 
immcdiatlcy  behind  the  disc  (i.e..  as  a  single  stream  at  c 
«  1.5  cm  or  ;//?„  »  0.5)  and  then  diverge  as  they  prop* 
agate  downstream.  The  trajectory  of  the  electron  sireams 
at  distances  ;//t0  <  2  resembles  that  of  a  "trailing- V 
wave”  reported  in  the  ion  wake  experiment  by  Stone  |5|. 
However,  the  trailing-V  wave  in  that  experiment  actually 
consisted  of  ion  streams  focused  by  the  sheath  electric 
held  into  the  wake.  When  the  focusing  ion  streams  crossed 
each  other,  they  emerged  as  a  trailing-V  structure  many 
body  radii  downstream  (i.e.,  at  ztR0  >  15).  The  trailing- 
V  structure  in  our  experiment  actually  appears  almost  right 
behind  the  disc  and  seems  to  propagate  downstream  in 
time  (i.e.,  compare  the  stream  trajectories  at  r  =  55  ps 
and  /  =  70  /as).  Note  that  the  floating  potential  of  the  disc 
had  reached  a  steady-state  value  of  io  -  -20  V  at  r  > 
50  /is  so  that  the  changes  in  the  stream  trajectories  cannot 
be  caused  by  the  change  of  the  body  potential.  Moreover, 
instead  of  diverging  even  further  apart  as  one  would  ex¬ 
pect  for  the  trailing-V  wave,  the  electron  streams  actually 
merge  together  again  at  zIRo’  >  2.  In  Figs.  7  and  8,  the 


gradient  of  the  wake  boundary  is  observed  to  decrease  in 
distance  and  in  time,  indicating  a  filling-in  process  122), 
J27|  w  ith  the  ambient  plasma  expanding  radiull>  inward 
into  the  wake.  In  steady  state  (r  >  150  /is),  the  two 
streams  are  observed  to  merge  together  with  very  small 
amplitudes. 

The  origin  of  the  electron  streams  is  not  jet  understood 
but  is  dearly  associated  with  the  sheath  electric  held.  As 
shown  in  Fig.  9.  the  electron  streams  disappear  when  the 
disc  is  grounded  or  biased  positively.  Since  the  target 
plasma  potential  is  also  close  to  ground,  the  sheaih  elec¬ 
tric  field  is  negligible  in  the  former  case  and  is  pointing 
radially  outward  in  the  latter.  The  dependence  of  the  sep¬ 
aration  of  the  electron  streams  on  the  potential  of  the  disc 
is  also  illustrated  in  Fig.  9  where  a  more  negative  disc 
potential  is  found  to  result  in  a  wider  separation  of  the 
streams.  We  have  performed  experiments  with  discs  of 
various  sizes  (/?„  varies  from  I  to  5  cm)  and  found  that 
the  separation  of  the  electron  streams  also  increased  with 
the  body  radius.  The  above  evidence  indicates  the  impor¬ 
tance  of  the  sheath  electric  field  to  the  existence  of  the 
30 
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electron  streams.  This  result  is  quite  unexpected  because 
the  sheath  electric  field  of  the  floating  disc  (which  is  di- 
reeled  towards  the  due)  should  deflect  electrons  outward 
from  the  wake  region.  As  such,  one  would  expect  an  elec¬ 
tron  void  in  the  very  near  wake  of  the  body  117). 

The  behavior  of  the  ions  in  the  present  experiment  was 
found  to  be  quite  different  from  that  of  the  electrons.  As 
shown  in  Fig.  10,  the  two-dimensional  ion  current  density 
profile  at  r  «  70  ps  shows  the  presence  of  only  a  single 
ion  stream  inside  the  wake  while  the  corresponding  elec¬ 
tron  profile  shown  in  Fig.  8  clearly  reveals  the  compli¬ 
cated  electron  flow  pattern.  The  ion  cunent  density  mea¬ 
surements  were  made  with  the  same  scanning  Langmuir 
probe  and  the  results  were  confirmed  with  a  gridded  Far¬ 
aday  cup.  The  ion  profile  in  the  present  experiment  re¬ 
sembles  the  steady-state  profiles  reported  by  Hall  er  at. 
(23)  and  those  of  Fourier  and  Pigache  [6]  to  a  large  ex¬ 
tent.  In  Figs.  1 1  and  12,  we  show  the  temporal  evolution 
of  the  transverse  ion  cunent  density  profiles  at  two  axial 
locations  in  order  to  facilitate  a  direct  comparison  with 
the  electron  data  already  shown  in  Figs.  4  and  5.  It  is  clear 
from  these  ion  data  that  only  a  single  ion  enhancement 


peak  is  present  inside  the  wake.  We  have  detected  neither 
detached-focusing  ion  streams  nor  trailing-V  waves  in  this 
experiment. 

Furthermore,  the  ion  stream  appears  to  be  present  in  the 
wake  at  an  earlier  time  than  the  electron  streams.  For  ex¬ 
ample,  the  electron  profile  exhibits  a  void  at  f  »  30  jis  in 
Fig.  5  while  the  corresponding  ion  profile  in  Fig.  12 
clearly  show*  an  ion  enhancement  peak  inside  the  wake. 
On  the  other  hand,  both  the  electron  and  the  ion  streams 
reach  their  maximum  amplitudes  at  /  *  70  >4$  and  zIRq 
*  0.8-0.9.  We  also  note  that  the  ratio  of  the  ion  enhance¬ 
ment  peak  to  the  ambient  density  decreases  at  a  later  time 
(r  >  100  fis)  in  agreement  with  the  electron  data.  For 
example,  at  steady  state  (e.g.,  /  =  300  ns)  the  ion  current 
density  profile  in  Fig.  1 1  resembles  that  of  an  ion  void 
even  though  the  initial  ion  enhancement  density  (i.e.,  at 
l  *  40  ni)  is  comparable  to  the  ambient  density. 

IV.  Conclusion 

By  studying  the  temporal  evolution  of  the  near  wake  of 
a  conducting  disc,  we  have  found  the  presence  of  electron 
and  ion  streams  in  regions  less  than  one  body  radius 
31 
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downstream.  The  flow  patterns  of  the  electron  streams  are 
more  complicated  than  that  or  the  ions  and  their  origin  is 
not  yet  fully  understood.  The  dependence  of  the  electric 
streams  on  the  sheath  electric  field  indicates  their  possible 
association  with  the  focusing  ion  streams  which  are  free- 
streaming  ions  that  are  attracted  by  the  sheath  electric  field 
and  arc  focused  onto  the  wake  axis.  Previous  experiments 
|4|-|7|  have  investigated  only  the  ion  current  density  pro¬ 
files  in  steady-state  plasma  streams  and  found  an  ion  void 
in  the  region  of  z/Rq  <  5.  For  example,  in  the  experi¬ 
ments  by  Stone  [5]  and  Stone  et  til.  (4),  there  was  no 
measurable  ion  current  in  the  void  and  the  effects  of  the 
focusing  ions  began  to  show  up  at  zIRq  =  10,  as  n  small 
ion  enhancement  on  each  side  between  the  void  and  the 
ion  rarefaction  wave.  The  ion  streams  converged  and 
formed  a  single  ion  enhancement  region  at  the  crossing 
point  (z  =  Zj)  and  a  trailing-V  structure  appeared  for  dis¬ 
tance  z  >  Zj.  The  trailing-V  structure  was  actually  di¬ 
verging  ion  streams,  which  emerged  from  the  focusing 
ions  at  the  crossing  point  with  very  little  collective  inter- 
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For  the  present  experiment.  M  z  4.  R„  \  *  cm.  h,, 
£  I  cm  <j)a  -  20  V.  and  T,  *>  2  4  cV.  which  tesiills  m 
ZjIRq  a  2.2  or  zj  Z  7.3  cm.  On  the  other  hand,  most 
previous  experimental  and  theoretical  results  |5|.  |>9] 
seem  to  indicate  that  zi(  *  MR,,  which  implies  that  Zj  « 
14  cm  in  the  present  experiment.  Both  estimates  indicate 
that  the  ion  focusing  point  is  further  downstream  from  the 
observed  locations  of  the  electron  streams  in  our  experi¬ 
ment. 

A  possible  explanation  of  this  discrepancy  is  that  most 
previous  studies  |4)-|7),  |?.4]-|26]  were  concerned  with 
conditions  in  which  the  similarity  parameter  A,  defined  as 
the  ratio  of  the  ion  stream  flow  energy  to  the  magnitude 
of  thenegalivc  body  potential,  was  greater  than  one.  In 
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our  present  experiment.  A  **  0.7  and  our  ton  data  are  ac¬ 
tually  consistent  with  the  only  other  reported  A  <  I  ex¬ 
periment  by  Hall  a «/,  |23|.  Using  a  steady-state  plasma 
flow,  they  found  that  ions  always  appear  right  behind  the 
body  and  in  cases  of  sufficiently  high  negative  body  po¬ 
tentials.  ions  can  even  strike  the  rear  surface  of  the  body. 
As  such,  the  presence  of  electron  and  ion  streams  in  the 
near  wake  is  probably  caused  by  the  highly  negative  float¬ 
ing  potential  or  the  disc  in  the  present  experiment. 

The  fact  that  we  have  not  observed  any  detached  ion 
streams  and  irailing-V  waves  indicates  a  more  compli¬ 
cated  trajectory  of  the  ions  than  the  ballistic  ion  trajectory 
assumed  in  (I).  The  behavior  of  the  electron  streams  is 
also  shown  to  be  much  different  from  that  of  the  ions  and 
cannot  be  explained  by  the  assumption  that  the  electron 
follows  the  ion  trajectory  because  no  focusing  ion  streams 
were  observed  to  precede-  the  ion  enhancement  region. 
From  (he  temporal  evolution  of  the  ion  and  electron  cur¬ 
rent  density  profiles,  the  ions  were  found  to  appear  inside 
the  wake  at  an  earlier  time  than  the  electrons.  This  sug¬ 
gests  that  the  ions  enter  the  void  due  to  the  highly  nega¬ 
tive  body  potential  and  their  corresponding  space  charge 
attracts  the  electrons  into  the  void.  Since  the  sheath  elcc- 
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trie  field  of  the  floating  disc  should  deflect  the  electrons 
out  want  from  the  wake  region,  the  presence  of  the  elec¬ 
tron  streams  in  the  near  wake  must  be  induced  by  the  ion 
motion. 

Additionally,  the  thermal  velocity  of  the  streaming  ions 
is  small  (with  7j  H  0.3  eV)  and  the  streaming  ions  could 
only  then  be  attracted  into  the  wake  at  distances  z  <  Zj 
by  the  sheath  electric  field.  The  void  can  also  be  filled  by 
charge-exchange  cold  ions  that  arc  attracted  into  (lie  void 
by  the  sheath  electric  field  and  by  the  radial  expansion  of 
the  ambient  plasma  into  the  void.  For  the  present  range 
of  neutral  pressure  (5  x  10”*— 1.5  X  10 '4  tore),  the 
charge-exchange  time  is  considerably  longer  than  100  /is. 
thus  charge  exchange  cannot  affect  the  wake  formation 
process  for  times  t  <  100  ps.  On  the  other  hand,  electrons 
can  enter  the  void  due  to  their  high  themial  velocity  but 
would  be  expelled  from  the  void  by  the  sheath  electric 
field.  As  such  the  trajectory  of  the  ions  and  the  electrons 
depends  on  the  potential  profile  in  (hat  region  and  there¬ 
fore  can  be  influenced  by  the  body  potential  <j>a  as  shown 
in  Fig.  9.  It  is  not  yet  clear  whether  these  processes  can 
account  for  the  observed  electron  streams  at  z/R0  ^  I. 
However,  their  presence  will  affect  the  measurement  of 
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electron  temperature  tn  that  regittn  A  complete  under- 
standing  of  their  origin  awaits  data  on  the  temporal  he 
havior  t»f  the  potential  profile  in  future  experiments. 
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AMu#r»-A  ntodtl  for  ,uHslnrtn  breakup  Ii  dmtoprd,  hnvtd  on  I) 
tfc*  rttnaiHm  «ri'r*kb<d  tdovfdl  dfpoUr  foM  Ifw,  »nd  I)  Ik*  for- 
moOrni  of  on  liKlpkal  corrroi  wed**  wlihln  ■  tlngk  ore  jinxlart.  Il 
K  argtKd  |k»t  Ik*  oUbllikmtM  of  a  roupkd  rurrtnl  UriKUr*  oUhln 
a  Uo(W  »*C  t**d|  to  a  qwad-MaMc  >)>i*m:  t.*„  tk«  prt-brtaKap  rt- 
|Inm.  I'trlurkallnn  of  Ik*  ptt-krvakup  ilruelur*  kadi  la  an  InriahlMly 
crHtrkn.  Il  It  fotmtl,  contbUnl  *Rh  akt*nail«m,  ika|  narrow*;-  au< 
•oral  art*  ai  lo*tr  I,  «MI<  undergo  ib«  moil  ttpioilv*  pokward  a> 
pantion,  According  la  1M1  hkkWI,  10*  prrck*  kxailon  ai  wkkk  bmkup 
occurs  depend*  Ot>  ik*  0*  dtntHy  in  Ik  flwu  \b*t',  lb*  kv*t  of  man* 
n*lk  Kilt  Hr  (AVI,  and  lb*  Inkntlif  of  lb*  juh'torm  lotward  *l*<lrn- 
J*l  In  lb*  lonotpbtr*.  An  cnkanc«m*'.,(  of  yny  of  lit***  fralurct  Kill 
taut*  breakup  la  occur  at  k>»*r  I.  :k*|l*.  CoKworrwn  of  our  model 
t«hb  lb*  H«ppo*r-M») nard  polar-cap  poknllat  model  indicates  Ibal 
breakup  It  restrict'd  la  lb*  **t|  of  lb*  llarang  dltronilnwliy  consiileM 
t>llb  rtctnl  ftbtmallont  from  lb*  Viking  taltllilr. 


1.  Introduction 

THERE  is  considerable  evidence  (|)-[5)  (hat  a  sub- 
storm,  as  first  seen  in  the  auror.il  region,  may  start 
earthward  of  any  associated  ncar-earih  neutral  line.  This 
leads  to  the  following  possible  physical  scenario:  Tail 
magnetic  field  lines  reconnect  to  a  stretched  dipolar  con¬ 
figuration  through  a  near-earth  neutral  line.  The  relaxa¬ 
tion  of  these  stretched  dipolar  field  lines  requires  a  de¬ 
crease  in  the  cross-tail  current  by  Maxwell’s  equations. 
Presumably,  part  of  the  required  current  decrease  con  oc¬ 
cur  self-consistently  (Kaufmann  (6|)  through  the  effect  of 
dipolarization  on  ion  gradient  and  curvature  drifts.  On  the 
other  hand,  part  of  the  current  decrease  occurs  due  to  a 
diversion  of  the  cross-tail  current  through  the  ionosphere, 
forming  what  is  commonly  called  a  subsiorm  current 
wedge  (MePherron  et  vl  (7)).  The  dipolar  collapse  pro¬ 
ceeds  by  the  conversion  of  magnetic  energy  that  is  stored 
in  the  stretched  magnClk  field  lines  into  ionospheric  Joule 
heating  via  this  current  wedge. 

One  basic  question  that  we  address  in  this  paper  is  the 
location  where  the  wedge  can  selficonsistent!)  exist  within 
a  single  arc  structure  for  given  magr.ctosphcric  and  ion¬ 
ospheric  conditions.  This  provides  an  enhanced  yet  quics 
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cent  coupling  between  the  magnetosphere  and  the  iono¬ 
sphere.  A  simple  stability  analysis  shows  that  narrow-arc 
structures  that  form  at  iower  L  shells  may  be  un¬ 
stable  to  poleward  expansion,  while  wider  arcs  structures 
at  higher  L  shells  arc  stable.  This,  in  our  model,  Is  the 
cause  for  substorm  breakup  being  observed  well  inside  the 
discrete  are  region.  We  also  find  that  breakup  should  oc¬ 
cur  more  cquntorward  the  higher  the  0*  concentration  in 
(lie  plasma  sheet,  a  finding  which  connects  our  work  with 
the  recent  results  of  (8)-|H)  that  indicate  tlm  the  ion¬ 
osphere  seeds  the  funcr  edge  of  the  plasma  sheet  with  en¬ 
ergetic  0  *  during  times  or  high  magnetic  activity.  The 
obtained  instability  also  depends  on  (he  presence  of  a  tail- 
ward  electric  field  component  in  the  equatorial  plane 
which  maps  to  a  poleward  component  In  the  ionosphere. 
(According  to  our  model,  this  allows  the  kinetic  energy 
of  earthward  convecting  plasma  to  generate  electrical  en¬ 
ergy  that  drives  the  instability.)  Sueh  an  electric  field 
component  is  present  in  the  Heppner-Maynard  model  1 12) 
jtssi  west  of  the  Halting  discontinuity,  which  is  consistent 
with  the  preferential  location  for  breakup  as  observed  by 
Shepherd  at  al. )  13).  Although  our  model  is  first  fomiu- 
latcd  for  a  dipole  field,  we  rescale  the  results  using  the 
Tsyganenko  1987  (Id)  model  for  various  AT,  values.  We 
find  that  far  higher  Kr  values,  breakup  should  occur  even 
more  equatorward.  A  key  feature  of  our  model  is,  there¬ 
fore,  that  although  the  formation  of  u  near-earth  neutral 
line  is  required  to  create  (he  stretched  dipolar  field  lines, 
subsiorm  breakup  may  occur  much  closer  to  the  earth 
through  the  formation  of  a  substorm  current  wedge. 

It  should  be  pointed  out  that  another  recent  model  for 
substonn  onsets  has  been  proposed  by  Kan  et  al.  ) IS) 
based  on  the  earlier  work  of  Kan  and  Sun  (161.  In  thcii 
model,  substorm  onset  is  directly  caused  by  an  enhance¬ 
ment  in  the  magnetosphere- ionosphere  coupling  due  to  an 
enhancement  of  magnetosphcric  convection  following  a 
southward  turning  of  the  IMF.  This  produces  a  narrow 
belt  of  intense  upward  field  aligned  current  that  can,  m 
their  model,  lead  to  substonn  onset.  The  major  difference 
between  our  approach  1 17)  end  that  of  Kan  a  al.  1 15}  is 
that  we  treat  the  stability  of  a  single  arc  structure,  while 
they  examine  the  global  cfTecis  of  enhanced  convection. 
Both  models  consider  auroral  breakup  to  he  directly  re¬ 
lated  to  enhanced  magnetosphere-ionosphere  coupling 
which  docs  not  explicitly  depend  on  the  formation  of  a 
near-earth  neutral  line.  However,  in  our  model  we  can 
predict  the  location  of  substorm  breakup  as  a  function  of 
arc  size,  while  Kan  et  al.  [15J  cannot. 
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Subtform  breakup,  ax  ohxcrvationally  defined,  is  the 
sadden  brightening  of  a  previously  quiescent  auroral  arc 
near  local  midnight.  Once  it  is  “triggered,"  the  arc  dy¬ 
namics  is  characterized  by  a  rapid  poleward  and  westward 
expansion  |2),  (3),  (3).  Hallinan  (5),  using  real-time  TV 
imaging  techniques,  observed  a  new  arc  forming  pole¬ 
ward  of  the  diffuse  aurora,  rapidly  followed  by  the  se¬ 
quential  formation  of  up  to  three  more  arcs,  each  pole- 
ward  of  its  predecessor.  As.  one  arc  formed,  Hallinan  (3) 
observed  another  one  fading.  This  process  lasted  between 
IS  «:  and  10  min  until  one  of  the  arcs  established  domi¬ 
nance,  brightened  explosively,  then  initiated  the  poleward 
surge.  Auroral  intensifications  with  characteristics  similar 
to  those  of  substorm  breakup  can  occur  in  the  evening 
sector,  as  detected  on  Viking  { S3).  They  expand  poleward 
and  eastward,  abruptly  stopping  at  local  midnight.  Trig¬ 
gering  generally  occurs  on  the  poleward  boundary  of  the 
diffuse  aurora,  which  can  be  at  invariant  latitudes  which 
correspond  to  dipolar  L  shells  as  low  as  5-6.  The  purpose 
of  this  paper  is  to  establish  the  quiescent  pre-breakup  con¬ 
ditions  which  are  necessary  for  triggering  to  occur  at  such 
low  latitudes  and  to  examine  the  dynamics  of  the  breakup 
in  the  first  few  seconds  before  inductive  effects  become 
important. 

The  basic  idea  in  our  model  is  that  the  pre-breakup  arc 
is  an  arc  in  which  two  coupled  electrical  circuits  are  es¬ 
tablished  between  the  ionosphere  and  the  magnetosphere; 
i.c.,  it  is  the  incipient  formation  of  a  substorm  current 
wedge  similar  to  the  one  proposed  some  time  ago  by 
McPherron  at  ul.  |7]  that  distinguishes  the  breakup  arc 
front  adjacent  arcs  and  leads  to  (he  observations  described 
by  (S).  As  such,  it  has  the  basic  features  of  the  Westward 
Traveling  Surge  (WTS)  current  system  that  wc  have  pre¬ 
viously  used  { 18)-(21]  and  as  used  by  Coroniti  and  Ken¬ 
nel  122).  As  implied  from  Fig.  I,  the  physical  picture  is 
of  two  current  sheets:  One  flowing  upward  on  the  pole¬ 
ward  boundary  and  another  (lowing  downward  on  the 
cquatorward  boundary  of  an  enhanced  conductivity  region 
in  the  ionosphere.  Our  approach  is  comparable  to  one  used 
some  years  ago  by  Coroniti  and  Kennel  122],  However, 
we  treat  a  nonzero  polarization  field  in  (he  magnetosphere 
which  is  considered  essential  for  the  breakup  instability. 
Moreover,  our  approach  depicts  the  L  shells  at  which  a 
self-consistent  ^uiescent  current  wedge  can  form  over  a 
wide  range  of  dimensions,  while  Coroniti  and  Kennel  [22] 
treated  breakup  as  occurring  over  the  entire  auroral  oval. 
In  the  present  model  wc  examine  the  possibility  of  breakup 
occurring  in  arc  structures  from  the  size  of  an  individual 
arc  to  the  size  of  the  WTS. 


II.  Tilt;  Two  Circuit  Moimu. 

The  extended  east-west  orientation  of  the  breakup  arc 
motivates  an  approach  which  models  the  system  as  two 
coupled  circuits,  one  north-south  and  the  other  cast-west. 
In  our  model  these  circuits  close  in  the  magnetosphere  via 
field-aligned  currents  which  are  calculated  from  the  model 
of  Fridman  and  Lemaire  (23).  The  field-aligned  currents. 
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in  turn,  are  the  continuation  of  magnctosphcric  currents 
in  the  equatorial  plane  and  arc  dependent  on  the  plasma 
characteristics  there.  In  particular,  in  the  MHD  approxi¬ 
mation  enhanced  earthward  convection  of  magneto-tail 
plasma  and  the  attached  magnetic  field  lines  that  are  as¬ 
sociated  with  dipolar  collapse  are  the  primary  energy 
sources  for  both  circuits.  It  is  the  consistency  of  this 
earthward  convection  and  the  field-aligned  currents  with 
the  ionospheric  configuration  that  determines  where 
q'.ucsccnt  current  systems  can  be  established  between  the 
ionosphere  and  the  magnetosphere.  The  associated  au¬ 
roral  arcs  arc  the  most  likely  candidates  for  auroral 
breakup. 

Fig.  I  shows  the  ionospheric  elements  of  the  two  cir¬ 
cuits.  Briefly,  a  westward-directed  electric  field  drives 
both  a  westward  Pedersen  current  and  a  poleward  Hall 
current  in  a  highly  conducting  slab.  The  lack  of  full  con¬ 
tinuation  of  the  Hall  current  into  the  magnetosphere  cre¬ 
ates  positive  charges  along  the  poleward  boundary1,  gen¬ 
erating  a  southward-pointing  polarization  field.  This  field 
drives  a  southward  Pedersen  current  and  a  westward  Hall 
current,  thereby  creating  a  Cowling  channel.  As  previ¬ 
ously  stated,  we  believe  that  the  establishment  of  this 
Cowling  channel  is  an  essential  element  of  the  breakup 
mechanism.  Fig.  2(a)  and  (b)  shows  the  mapping  of  the 
ionospheric  circuits  into  the  equatorial  plane.  The  mag- 
nctospheric  westward  electric  field,  Ew„  is  mapped,  con¬ 
sistent  with  field-aligned  potential  drops  in  (he  east-west 
circuit,  to  the  ionosphere  as  £0  in  Fig.  1. 

We  denote  W  and  H  circuits  us  containing  the  iono¬ 
spheric  westward  and  poleward  currents,  respectively,  as 
shown  in  Fig.  2.  The  IP  circuit  (henceforth  denoted  W'C) 
is  a  current  wedge  connected  to  the  near-earth  cross  tail 
or  ring  current,  which  is  correspondingly  weakened  within 
the  wedge  in  the  night  sector.  The  //  circuit  (//C)  is 
closed  by  an  earthward  current,  Jllt,  in  the  equatorial  plane 
between  the  upward  and  downward  current  sheets.  We 
explicitly  derive  JHt  below. 

The  Cowling  channel  is  a  dissipative  structure.  In  Fig. 
I  the  dissipation  is  driven  by  the  Pedersen  currents  only. 
This  is  simply  due  to  the  fact  that  the  “Hall”  terms-of- 
power  balance  out.  In  the  ionosphere  the  W'C  load  (west¬ 
ward  Hall  current  parallel  «o  the  westward  electric  field) 
exactly  equals  the  HC  generator  (northward  Hall  current 
antiparallcl  to  southward  polarization  field).  When  we  re¬ 
fer,  therefore,  to  the  ionospheric  Hr, II  generator  in  the  HC 
circuit  we  do  not  mean  to  imply  that  the  ionosphere  is  an 
energy  source.  The  ultimate  energy  source  is  the  magne- 
tospheric  portion  of  the  WC.  This  electrical  energy  trans- 
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fer  from  the  WC  to  the  HC  contributes  to  the  power  re¬ 
quired  to  sustain  a  field-aligned  potential  drop  in  the  HC. 
However,  narrower  breakup  arcs  may  also  require  the 
presence  of  a  magnctosphcric  generator  in  the  HC  to  sus¬ 
tain  a  field-aligned  potential  along  the  poleward  bound¬ 
ary.  As  discussed  below,  this  situation  is  inherently  un¬ 
stable  and  is  associated  with  the  triggering  of  substorm 
breakup. 

One  of  the  key  elements  of  our  model  regards  how  the 
HC  current  is  closed  in  the  magnetosphere.  The  north- 
south  extent,  </*,  of  (he  ionospheric  system  shown  in  Fig. 

I  is  mapped  to  the  equatorial  plane  as  </*,  =  dk/Fn  where 
F,  is  a  scaling  factor  equal  to  A  A /AL.  Fa  is  the  azimuthal 
ionosphere-magnetosphere  scaling  factor  which,  in  a  di¬ 
pole  field,  is  equal  to  L~i/ 1  (see  Fig.  2).  We  choose  a 
coordinate  system  in  the  equatorial  plane  such  that  x  points 
towards  the  sun  (earthward),  y  points  towards  dusk,  and 
z  points  northward.  Over  the  interval,  r/*„  the  magneto- 
spheric  current,  Jn„  causes  the  bulk  plasma  to  be  accel¬ 
erated  in  the  -y  direction: 

Jllf  X  B,  -  d\d[pVy)Jdt  =  d\b{pVy)fbl  (1) 

where  Bf  is  the  equatorial  value  of  the  magnetic  field  and 
d[  —  LRe/3  is  the  assumed  field-line  segment  over  which 
Jh,  is  nonzero  and  p  is  the  plasma  mass  density.  We  re¬ 
place  the  derivatives  with  differentials.  The  plasma  crosses 
dkt  in  a  time  equal  to  A t  -  dh(Bt/EWt ,  where  EWt  is  the 
dawn-to-dusk  electric  field  in  the  equatorial  plane.  We 
must  now  make  some  assumptions  regarding  the  initial 
plasma  velocity  in  the  y  direction.  If  it  is  negative  (east¬ 
ward)  there  is  a  load,  since  both  the  electric  field,  Ep„ 
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and  the  current  density,  Jh,,  arc  directed  earthward.  If  the 
initial  plasma  velocity  has  a  positive  y  component,  how¬ 
ever,  there  is  r  generator  (F.p<  <  0)  and  the  bulk  plasma 
motion  is  decelerated.  For  the  load  case,  we  assume  that 
the  Initial  y  velocity  is  zero.  For  the  generator  case,  we 
assume  the  final  y  velocity  to  be  zero.  Thus,  A  (pVt)  «= 
±pEf,/B„  where  the  plus  and  minus  signs  refer  to  the 
load  and  generator  eases,  respectively.  Therefore,  Jtl„  is 
given  by 

J„t  -  ipF^dMX)  (2) 

where  £«>  and  Er(  can  be  expressed  in  terms  of  the  ion¬ 
ospheric  electric  fields  and  field-aligned  potential  drops, 
•hq.  and  $),,  according  to  KirchhofTs  law 

Ew<  -  /•,(/*  +  •/</„)  (3a) 

-  F,(Er  -  *„/dk).  (3b) 

III.  Dusckiition  of  Quiescent  Solutions 
We  assume  (see  Fig.  2)  that  a  field-aligned  potential 
drop,  4>h-,  exists  in  the  western  leg  of  the  east-west  circuit 
and  that  a  field-aligned  potential  drop,  ♦//,  exists  in  the 
poleward  leg  of  the  north-south  circuit.  Knowing  the 
expression  for  J,le  & s  given  in  (2),  we  can  determine  all 
the  relevant  parameters  needed  in  our  model  to  define  the 
structure  of  the  pre-breakup  regime. 

Fig.  3  shows  a  flowchart  of  the  logic  used.  Assume 
that  in  the  equatorial  plane  there  is  a  plasma  with  an  ion 
density  /t(,  an  ion  mass  tnh  an  electron  density  n,  “  nt, 
and  the  electrons  have  a  parallel  temperature  Ttf  and  a 
perpendicular  temperature  of  Tx ,.  The  model  of  Fridman 
and  Lemairc  (23)  is  then  used  to  calculate  the  precipita¬ 
tion  flux  (current  density)  at  the  ionosphere  for  both  the 
east-west  and  north-south  circuits  for  given  field-aligned 
potential  drops.  Current  continuity  nt  the  ionosphere  is 
then  invoked  to  calculate  the  ionospheric  westward  and 
poleward  currents  Jw  and  JN.  They  arc 

-/»•»  E0Zp  +  EpZ„=jlwl  X  10J  (4a) 

JN  -  £qE//  -  EpZp  -  juiEb  (4b) 

where  Ew  and  Lp  are  the  ionospheric  height-integrated  Hall 
and  Pedersen  conductivities  inside  the  arc  region.  For  lack 
of  a  detailed  model  for  current  continuity  at  the  western 
boundary,  we  scale  the  precipitating  flux  so  that  1  pA/m1 
of  precipitation  current  corresponds  to  0.1  A/m  of  iono¬ 
spheric  current.  This  corresponds  to  a  circular  hot  spot  at 
the  western  boundary  with  a  radius  of  64  km.  Rk  is  the 
extent  of  the  poleward  boundary  and  is  estimated  from 
auroral  studies  as  being  about  20  km.  The  ionospheric 
conductivities  arc  calculated  using  the  model  of  Robinson 
et  al.  [24].  The  electric  fields  inside  the  Inhcstcr-Baum- 
johann  current  system  shown  in  Fig.  I  are  then  found  by 
inverting  (4a)  and  (4b).  Equations  (3a)  and  (3b)  are  now 
used  to  find  the  corresponding  electric  fields  in  the  equa¬ 
torial  plane.  These  results  are  inserted  into  (2).  Current 
continuity,  however,  requires  that  Jh,  =  F0Jn>  where  JN 
is  the  net  poleward  ionospheric  current  density  (A/m)  in- 
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I-i£  3  A  flowchart  fur  ihc  method  uf  jolutlon  uicJ  m  lltc  model 


side  the  pre-breakup  are.  The  equatorial  1)  field  is  as¬ 
sumed  to  be  dipolar  (  -  L‘3).  Therefore,  Lis  determined. 
Note,  however,  that  in  order  to  initiate  the  calculation  an 
L  shell  had  to  be  assumed  for  the  scaling  factors  in  the 
Fridman  and  Lemaire  model  (23].  Usually,  (his  initial  as 
sumption  differs  from  the  value  of  L  finally  obtained.  For¬ 
tunately,  convergence  is  obtained  by  successively  iterat 
ing  the  calculation  using  the  final  L  value  for  the  initial 
assumption  in  the  Fridman  and  Lemaire  model  (23). 

We  now  want  to  give  a  numerical  ..sample  of  our 
model.  Unfortunately,  the  large  number  of  parameters  in 
volved  precludes  an  exhaustive  exploration  here.  We  as 
sumc  that  the  plasma  sheet  moves  sufficiently  inward  dur 
ing  magnetically  disturbed  times  (25J  so  that  plasma  sheet 
values  apply.  Thus  we  set  n,  -  I  cm"3  and  Tfl  <*  Tft  = 

1  keV.  The  substorm  current  wedge  is  able  to  form  when 
the  field-aligned  potentials  can  accelerate  electrons  to  the 
E  layer  (  -4  keV,  On  the  other  hand,  we  choose 
32  kV  as  a  reasonable  upper  limit  to  the  field-aligned  po- 
'ential  drop  which  corresponds  to  a  precipitation  current 
of  ~30pA/mJ.  Using  this  range  ford'd  (see  Fig.  2(b)) 
corresponds  to  a  net  westward  ionospheric  current,  Jw,  of 
-0.3-3.0  A/m  according  to  (4a).  By  using  the  four  val¬ 
ues  of  4.  8,  16,  and  32  kV  for  *!»,»..  our  results  are  thereby 
parameterized  according  to  the  intensity  of  the  westward 
clectrojct.  For  purposes  of  illustration,  the  cast- west  ex¬ 
tent  of  the  breakup  arc  is  fixed  at  200  km. 

Fig.  4(a)-(d)  depicts  the  quiescent  arc  structures  as  a 
function  of  the  ionospheric  north  south  extent  of  the  en¬ 
hanced  conductivity  breakup  region  and  in  terms  of  in 
variant  latitude  fc  :rcc  values  of  4>M,  2.5,  5.0,  and  10.0 
kV.  These  first  three  runs  assume  50  percent  O*  in  the 
equatorial  plane  (this  affects  JHt  as  given  in  (2))  Fig.  4(d) 


is  discussed  below.  All  curves  in  this  figure  were  gener¬ 
ated  by  Incrementing  tip,  in  5-km  xierv.  The  peaks  in  the 
curves  correspond  to  the  magneto  *  portion  of  the 
HC,  switching  from  a  generator  lrfJd  as  </*  increases. 
When  this  happens  all  the  energy  in  the  IlC  is  supplied 
by  the  Hall  generator.  As  discussed  below,  the  transition 
front  a  HC load  to  a  generator  is  inherently  unstable.  Thus, 
the  peaks  in  our  model  will  be  closely  associated  with  the 
triggering  of  breakup.  These  peaks  occur  at  smaller  val¬ 
ues  of  dp,  for  smaller  values  of  4*//.  This  is  due  to  the  fact 
that  smaller  field-aligned  potentials  arc  smaller  toads  in 
the  HC,  so  that  the  ionospheric  Hall  generator  can  support 
these  loads  at  smaller  values  of  <lh.  The  figure  shows  that 
self-consistent  quiescent  solutions  occur  closer  to  the  earth 
the  stronger  the  westward  clectrojct  (4v)  is.  The  mag¬ 
nitude  of  scents  to  have  little  effect  on  the  location  at 
which  pre-breakup  solutions  (</*  *  15-20  km)  may  oc¬ 
cur.  But  both  'bw  and  •!•«.  do  affect  the  transition  point  at 
which  the  magnetosphere  becomes  a  generator  in  the  HC. 
Note  that  the  model  predicts  that  larger  quiescent  current 
structures  can  be  formed  at  higher  latitudes,  as  seen  from 
the  figure. 

Fig.  4(a)-(e)  also  indicates  that  incipient  breakup  re¬ 
gions  (15-20  km  in  the  N-S  direction  versus  200  km  in 
the  E-W  direction)  can  occur  on  invariant  latitudes  cor¬ 
responding  to  dipolar  L  shells  helow  6  (A  “  65.9°)  as 
observed  by  |3|  and  (27).  We  have  found  that  solutions 
can  occur  on  even  lower  L  shells  if  the  oxygen  concentra¬ 
tion  is  increased  or  a  more  realistic  field  model  is  used. 
The  solutions  arc  also  consistent  for  surge-ty  pe  quiescent 
structures  [<U  -  «00‘s  km).  That  is.  Ihc  surge  counter¬ 
part  to  breakup  is  predicted  to  occur  at  higher  L  shells,  as 
observed. 

Fig.  4(d)  is  the  same  as  tb)  except  that  there  is  no  ox¬ 
ygen  in  the  plasma  sheet.  A  higher  concentration  of  O’, 
presumably  originating  in  the  ionosphere,  allows  a  pre¬ 
breakup  arc  to  form  at  lower  L  shells.  This  is  because  the 
magnitude  is  fixed  by  «I'M  through  the  Fndinan  and 
Lemaire  model  (23).  which  implies  by  (2)  that 
is  constant.  If  the  magnitude  of  the  0*  seeding  of  the 
plasma  sheet  by  the  ionosphere  (8)  is  dependent  on  the 
duration  of  the  growth  ph.isc,  then  ou)  model  predicts  (hat 
breakup  associated  with  these  prolonged  growth  phases 
should  occur  more  equatorward. 

It  is  also  found  that  the  are  location  ;s  relatively  insen¬ 
sitive  to  the  plasma-sheet  electron  temperatures  above  1 
keV. 

IV.  Stability  of  Qiui-scrnt  Solitions 

Recall  from  (3b)  and  Fig.  4  that  the  magnetosphcric 
part  of  HC  is  a  generator  if  r/A  >  Er.  Now.  if  4»w  in¬ 
creases,  as  between  Fig.  4(a)  and  (b),  then  for  some  au¬ 
roral  arcs  the  magnetosphcric  portion  of  the  HC  switches 
from  a  load  to  a  generator.  (Note  that  in  the  earlier  ap¬ 
proach  of  Coroniti  and  Kennel  (22)  this  generator  does 
not  exist,  since  they  assumed  the  magneiospheric  polar¬ 
ization  electric  field  to  be  zero.)  We  now  show  that  this 
leads  to  instability  and  the  triggering  oi  breakup.  Let  us 
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Fir  4  Qmciccni  loluiions  for  ihe  location  of  tubxomi  breakup  at  a  function  of  invariant  latitude  it  the  nonli-Mtulli  exent 
of  the  heatup  region  in  tbc  lomijpltcrc  The  four  voltage*  (4.  8.  16.  ami  32  tV)  are  valuet  for  the  tleM-aligneil  potential 
drop  along  the  wexem  leg  of  the  circuit,  (Sec  Fig.  2.)  The  field  aligned  potential  drop  along  the  poleward  arc  boundary,  +/(, 
tncrcatet  from  2  5  to  10 IV  at  thown  in  Fig.  4(a)-(e).  Ttic  peak*  denote  the  twitching  of  Ihe  magnciotplierlc  |ionion  of  the 
ll  circuit  from  a  generator  to  a  load  at  i/,  ir.creatct.  The  generator  (unstable)  region  ctpandt  at  +„  Increases.  All  example* 
assumed  a  50  percent  0 *  concentration  In  the  plasma  sheet  except  in  Fig,  4(d),  which  it  0  percent.  Note  that  an  enhancement 
of  the  0*  concentration  shifts  the  breakup  region  cquainrward. 


do  (his  by  considering  (he  e.flcci  of  poleward  expansion 
on  4*//  itself.  We  assdmc  (hat  inductive  effects  keep  7„ 
approximately  constant  during  the  initial  stages.  By  solv¬ 
ing  equation  (3b)  for  4 it  is  easy  to  show,  using  (2) 
(with  the  plus  sign),  for  Ep,  that  64*//  increases  with  5<lh 
as  long  as  4*//  >  Epds/ 2.  That  is,  even  when  the  mag- 
nctospheric  portion  of  HC  is  a  weak  load,  4*„  increases  as 
the  breakup  arc  expands  poleward.  In  Rothwell  etal.  (20J, 
we  showed  that  the  spted  of  the  poleward  expansion  is 
proportional  to  the  electron  precipitation  energy  along  the 
poleward  boundary  or  4*//.  Therefore,  in  our  model  there 
is  a  positive  feedback  between  poleward  expansion  and 
the  field-aligned  potential  drop  along  the  poleward  bound¬ 
ary.  This  inherent  (global)  instability  initiates  breakup. 

In  more  detail,  the  dynamical  equation  forr4,  the  north- 
south  extent  of  the  breakup  arc  in  the  ionosphere,  is  given 
by 

bdh  =  C4*//36r  (5) 


from  (20)  and  where  C  «  5aE0/B,.  Here,  Bt  is  the  value 
of  the  earth’s  magnetic  field  at  the  ionosphere,  /:«  is  as 
defined  in  Fig.  I ,  and  a  is  the  closure  parameter  as  de¬ 
fined  in  [20],  Basically,  it  is  the  fraction  of  the  poleward 
Hall  current  (Fig.  1)  that  is  continued  into  the  magneto¬ 
sphere  by  the  electron  precipitation  along  the  poleward 
boundary.  The  dynamical  equation  for  4*//,  the  field- 
aligned  potential  drop  along  the  poleward  boundary,  is 
given  by 

64-/,  =  C(24*/,M  -  Ep)  4*,l;26r.  (6) 

We  will  now  look  at  some  numerical  solutions. 

Figs  5(a)  and  6(a)  show  the  time  evolution  of  4 •„  as 
normalized  to  its  initial  value  at  /  =  0  as  the  arc  (surge) 
expands  Figs  5(b)  and  6(b)  arc  the  corresponding  curves 
forr/A.  Five  initial  values  for  <4  arc  listed  (20,  50,  100, 
200,  and  400  km)  in  Figs.  5(a)  and  6(a).  The  associated 
L-shcll  locations  are  also  listed  for  the  quiescent,  pre- 
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Fig.  3.  (a)  The  lime  evolution  of  the  field-aligned  potential  drop  along  the 
poll  win)  arc  (aurge)  boundary  for  an  Initial  value  of  I.S  kV  and  for 
variout  Initial  values  for  d ,  of  20.  SO.  100.  200,  and  -100  km,  rcspcc 
lively.  These  Initial  values  correspond  to  curves  A,  B.  C.  D.  and  0  The 
L  values  at  which  the  quiescent  arc  (surge)  structures  can  form  according 
to  Fig.  3  and  the  dipole  approximation  arc  also  given.  Note  here  and  in 
(b)  that  all  cases  are  relatively  stable,  (b)  The  corresponding  time  evo¬ 
lution  of  if,  for  the  same  Initial  values  as  used  in  (a). 

breakup  arc  structures  as  determined  by  the  method  shown 
in  Fig.  3.  The  related  curves  arc  denoted  by  the  letters  A 
through  E.  We  chose  a  value  of  16  kV  for  •h*  as  being 
representative.  Note  that  when  the  initial  field-aligned  po¬ 
tential  is  weak  (1.5  kV),  as  in  Fig.  5a,  the  poleward  ex¬ 
pansion  as  seen  in  Fig.  5(a)  and  (b)  is  weak  and  finite. 
However,  if  *w(initial)  increases  to  5.0  kV,  then  the 
smaller  arcs  (20-  to  50-km  wide)  become  successively 
unstable  to  poleward  expansion,  as  seen  in  Fig.  6(a)  and 
(b).  Physically,  this  implies  that  a  brightening  along  the 
poleward  boundary  of  a  previously  quiescent  narrow  arc 
that  is  located  at  fairly  low  L  shells  (see  Fig.  4)  will  ren¬ 
der  the  arcs  unstable  to  rapid  poleward  expansion.  The 
value  of  £o  (see  Fig.  1)  obtained  for  the  examples  shown 
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Fig.  6.  (i)  The  Mine  ax  for  Fig  5tbi  cx.cpt  that  the  inmal  value  of 
hat  iiKteatcd  lo  3.0  kV  Thu  changes  ihc  location  of  the  pre-breakup 
quiescent  ate  (surge)  structures,  at  calculated  m  the  dipole  approxima¬ 
tion.  and  causes  the  narrower  are  structures  1 20-  50  kttu  to  be  explo 
sitely  unstable  (b>  Time  evolution  of  </,  for  an  initial  value  of  50  kV 
for  ♦«,  as  In  (a), 

in  Fig.  6(a)  and  (b)  is  on  the  order  of  16  mV/m.  The 
location  of  the  pre  breakup  quiescent  arc  was  determined 
using  a  dipole  field  model  and,  therefore,  the  actual  lo¬ 
cation  may  be  different.  For  example,  L  -  8.2  (the  50- 
km  case  in  Fig.  6(a)  and  (by )  corresponds  to  an  invariant 
latitude  of  69.6°.  Using  the  Tsygancnko  field  model  (14) 
as  described  below  and  as  shown  in  Fig.  7.  this  corre¬ 
sponds  to  magnetic  latitudes  between  66°  and  68°,  de¬ 
pending  on  the  value  of  Kp.  Thus,  our  model  can  predict 
where  breakup  will  be  observed  for  a  given  arc  size  and 
cioseiy  reflects  the  observed  dynamical  features  of  this 
phenomenon.  In  terms  of  our  previous  comments,  the  en¬ 
hancement  of  causes  a  transition  from  the  stable  re¬ 
gime  (a  large  magnetospheric  load  in  HC )  to  the  unstable 
regime  (a  weak  magnetospheric  load  or  a  magnetospheric 
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Elf  ?  The  "Uglk'imphciK  sl<*UtC  tulKM  J *,  l»CC  Itlt).  depends  "t*  4 
s|\\ifi4  n'JfiKiK  hclj  model  thrmifh  iHc  equatorial  value  of  the  mag¬ 
netic  held  amt  the  soling  fastnra  Between  the  ionosphere  ami  equatorial 
plane  The  Tssganenlo  |U|  itugnette  field model  was uwd  to  calculate 
this  parameter  ami  then  equated  with  an  equivalent  dipole  latitude  In 
this  wav  "uf  model  van  he  »»alcil  w*  a  mote  realistic  field  model  The 
hifhevt  vuivc  denote*  A*,  -  1  white  the  lowest  vune  denotes  A‘,  -  II 
Thiv  hfute  shows  that  breakup  ates  will  lend  to  hum  at  lower  latitudes 
dun«f  periods  «l  hifhet  magnetic  aetisit)  i  KfU  consistent  with  obser 
satton* 

generator  in  the  HC).  We  presently  believe  that  the  insta¬ 
bility  eventually  saturates  due  to  clcctron-ion  recombi¬ 
nation  in  the  ionosphere  and  the  presence  of  inductive  ef¬ 
fects  over  longer  time  scales. 

The  solutions  shown  in  Fig.  4  were  obtained  using  a 
dipole  magnetic  licld  model.  These  results  have  been 
scaled  to  the  Tsygancnko  (14)  model  as  shown  in  Fig.  7 
using  the  fad  that  the  magnetospheric  closure  current,  Jn(, 
depends  on  a  specific  magnetic-field  model  (sec  (2)}.  The 
ordinate  is  the  value  of  the  invariant  latitude  for  a  dipole 
field.  The  abscissa  is  the  equivalent  latitude  for  the  same 
solution  but  calculated  according  to  the  Tsygancnko 
model.  The  six  scaling  curves  correspond  to  different  Kr 
values,  with  the  largest  Kr  value  ( «  5)  at  the  top  and  the 
lowest  ( >=>  0)  at  the  bottom.  The  results  imply  that  a  pre- 
breakup  arc  structure  as  calculated  from  a  dipole  field 
model  will  form  at  lower  L  shells  at  higher  Kr  values. 
This  is  also  consistent  with  observations. 

V.  Conclusions 

We  have  shown,  by  taking  the  ionospheric  current  sys¬ 
tem  shown  in  Fig.  1  and  mapping  it  to  the  equatorial 
plane,  that  two  coupled  circuits  can  form.  One  is  north- 
south  (.HC)  the  other  is  cast-west  (IFC).  The  HC  is 
closed  in  the  equatorial  plane  by  a  current  which  is  con¬ 
sistent  with  the  J  X  B  force  there.  The  ultimate  energy 
source  for  both  circuits  is  earthward-convecting  plasma 
from  the  magneto-tail  and  the  electrical  power  generated 
by  the  dipolar  collapse.  The  HT,'  transfers  energy  to  the 
HC  through  an  ionospheric  Hall  generator.  By  inputting 
reasonable  values  into  the  solution  method  described 
above  and  shown  in  Fig.  3.  we  are  able  to  predict  the 


locations  (L  shells)  at  which  sclf-consisicnt  quiev  cm  ate 
structures  may  oecur  as  a  function  of  the  north-sooth  ex¬ 
tent  of  the  enhanced  conductivity  region  in  the  tono 
sphere. 

The  major  results  of  our  breakup  model  arc  the  follow¬ 
ing:  I)  Pre-breakup  structures  can  occur  on  fairly  low  /, 
shells  (5),  (6),  consistent  with  observations.  2)  A  higher 
concentration  of  0*  in  the  plasma  sheet  and/ora  stronger 
westward  electrojet  shifts  the  conditions  favorable  to 
breakup  to  lower  /.shells.  This  implies  that  an  0‘  seeding 
of  the  plasma  sheet  by  the  ionosphere  during  a  prolonged 
growth  phase  would  cause  breakup  to  occur  closer  to  the 
eatth  The  concurrent  unloading  of  the  enhanced  mag 
nctic  energy  stored  in  the  tail  lobes  would  also  imply  that 
this  particular  breakup  would  be  very  explosive.  3)  The 
location  of  the  pre-breakup  structure  is  relatively  insen¬ 
sitive  to  the  electron  temperature  in  the  plasma  sheet.  4) 
We  find  a  positive  feedback  between  poleward  expansion 
and  +#  and  presently  speculate  that  this  instability  can 
trigger  substorm  breakup.  5)  We  find  for  the  cases  studied 
that  the  predicted  values  fer  the  M'C  equatorial  electric 
fields,  £*y.  arc  between  3  and  1 1  mV/m  at  geosynchron¬ 
ous.  This  compares  favorably  with  the  substorm  electric 
field  values  measured  at  geosynchronous  orbit  by  Peder¬ 
sen  ti  ul.  (28)  on  CEOS-2.  6)  Narrower  auroral  arcs  that 
fomt  an  incipient  substonn  current  wedge  at  lower  shells 
undergo  the  most  violent  breakup.  Using  the  Tsygancnko 
1987  (14)  model,  wc  find  that  breakup  should  occur  on 
even  lower  L  shells  as  the  magnetic  activity  index.  A'r. 
increases. 

Finally,  let  us  consider  the  following  speculative  idea. 
Wc  assume  that  the  ionospheric  current  system  is  as  shown 
in  Fig.  I  and  is  mapped  to  the  equatorial  plane  as  shown 
in  Fig.  2.  Wc  also  assume  that  the  magnetospheric  dec- 
trie  field,  E^,  in  the  HC  coincides  with  that  produced  by 
a  global  two-cell  polar-cap  convection  pattern  |I2|.  (29). 
If  Ef,  is  negative  (points  '<ailward),  it  is  aniiparallc!  to 
and  the  magnetospheric  HC  is  a  generator  (sec  (2)  and 
(3b)).  This  can  occur  only  west  of  the  Harang  disconti¬ 
nuity.  East  of  the  Harang  discontinuity,  E ^  is  earthward 
and  the  magnetospheric  HC  is  a  load.  We  speculate  that 
this  feature  could  abruptly  stop  the  eastward  expansion  at 
midnight,  as  observed  by  Viking  (13). 
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ABSTRACT 

this  nodal  expiainx  uhv  breakup  lias  boon  etxerved  as  lew  a*  t  *  *>-6  and  predicts  (ha!  a 
higher  concentration  of  0*  in  the  plasma  sheer  ill  permit  breakup  at  such  leu  L  values.  U 
is  argued  that  the  establishment  of  a  coupled  current  structure  within  ..  single  arc  leads  to 
a  quasl-stable  system  l.e.  the  pre-breakup  regime.  1‘erturbatlon  of  the  pre-breakup  structure 
leads  to  an  Instability  criterion.  Certain  quiescent  configurations  are  Inherently  unstable. 
Thus  transitions  from  a  stable  to  an  unstable  situation  ran  trigger  a  rapid  poleward  expan¬ 
sion  of  the  quiescent  arc  or  subitum  breakup.  In  our  model  the  kinetic  energy  of  Injected 
plains  Iron  the  nagnototail  supplies  the  energv  for  breakup. 

INTRODUCTION 

Substorn  breakup  is  usually  preeedod  by  the  sudden  brightening  of  a  previously  quiescent 
auroral  arc  near  local  midnight.  Once  It  is  "triggered"  the  are  dvnanlcs  in  the  classical 
nodal  Is  characterised  by  a  by  rapid  poleward  and  westward  expansion  /!/,  /2/.  Auroral 
intensifications  with  characteristics  sinilar  to  those  of  substorn  breakup  can  oceur  In  the 
evening  sector  as  detected  on  Viking  by  Shepherd  /J /.  Triggering  generally  occurs  on  the 
poleward  boundary  of  the  diffuse  amora  which  can  be  at  invariant  latitudes  which  correspond 
to  dipolar  L-sholls  as  low  as  5-6. 

The  purpose  of  this  paper  is  to  establish  the  quiescent  pre-breakup  conditions  which  are 
necessary  for  triggering  fu  occur  at  such  low  latitudes.  The  basic.  Idea  In  our  model  Is  that 
the  pre-breakup  arc  is  an  are  in  which  two  coupled  electrical  circuits  nra  established 
between  the  ionosphere  and  the  magnetosphere.  l.e.  it  Is  tho  Incipient  Tarnation  of  a 
substorn  current  wedge  /A/.  As  such  it  has  tha  basic  features  of  tho  Westward  Traveling 
Surge  (WTS)  current  systca  that  we  have  previously  used  /5 /,  161  and  as  used  by  Coronitl  and 
Kennel  I'll.  As  Implied  fron  Figure  1,  the  physical  picture  Is  of  two  currant  sheets:  one 
floulng  upward  on  the  poleward  boundary  and  another  Hoeing  downward  an  the  oqustorvard 
boundary  of  an  enhanced  conductivity  region  in  tnn  ionosphere.  Our  approach  Is  cocparablo  to 
one  used  sone  years  ago  by  111.  However,  we  treat  a  nonsero  polarisation  field  in  the  mag¬ 
netosphere  which  we  consider  essential  for  the  bieakup  Instability. 

THE  TWO  CIRCUIT  MODEL 

The  extended  oast-west  orientation  of  tho  breakup  arc  notivatos  an  approach  which  aodels  the 
system  as  two  coupled  circuits,  ono  north-south  and  the  other  east -west.  In  our  nodal  those 
circuits  closo  in  tho  eagnetosphero  via  field-aligned  currents  which  ara  calculated  fron  tha 
model  of  lit.  Tha  field  aligned  currants.  In  turn,  ara  tho  continuation  of  sagnotospharic 
currants  in  tho  equatorial  plane  and  are  dependent  on  the  plasna  characteristics  there.  In 
particular,  enhanced  quasi-steady  earthward  convection  of  nagnototail  plasna  is  the  primary 
energy  source  for  both  circuits.  It  Is  the  consistency  of  this  earthward  convection  and  tho 
field  aligned  currents  with  tha  lonospharic  configuration  that  deterntnes  where  quiusccnt 
current  systems  can  bo  established  between  tho  Ionosphere  and  the  nag-aotospliore.  Tho 
associated  auroral  arcs  ara  the  likely  candidates  for  auroral  breakup. 

The  ionospheric  elenrnts  of  the  two  circuits  is  described  in  dutail  in  161.  Figures  2a  and 
2b  show  the  napping  of  the  ionospheric  circuits  into  the  equatorial  piano.  It  is  assumed 
that  tho  nagnotosphcric  westward  electric  field,  E„0,  associated  with  the  earthward  convec¬ 
tion  from  the  cagnetotail  is  mapped,  consistent  with  f ield-alignod  potential  drops  in  tho 
east-west  circuit,  to  the  ionosphere. 
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Wt*  .toimti*  V  .vi.|  II  Hritiitx  as  tout  a  In  I  hr  Urn  Ionospheric  westward  amt  poleward  •  tirrcmx, 
respectively,  as  shown  In  Figure  I.  The  W-ctreult,  (henceforth  denoted  VC1  is  a  current 
wedge  connected  to  the  near  earth  cross-tall  or  ring  current)  which  1*  correspondingly 
weakened  within  thn  wedge  in  the  night  sector.  The  ll-clrcult  (HO  la  tlcisd  by  an  earthward 
current,  In  the  equatorial  plane. 
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Figure  I.  a)  Tho  substora  cu.rent  wedge 
looking  towards  the  earth  from  tho 
taagneloiall.  Note  the  napping  of  the 
lonusphorlc  currents  of  Raf.  161  tv)  the 
equatorial  plane,  b)  A  closeop  near  the 
earth  of  tho  wedge  current  system.  dj,  and 
dy  denote  the  north-south  and  east -west 
dimensions  of  the  breakup  region  in  the 
Ionosphere. 
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Figure  2.  A  flow  chart  the  method  »f 
solution  used  in  the  model. 


One  of  the  key  elements  el  uur  model  Is  Iwu  the  IIC  lurrent  is  closed  in  tho  aagnetosphere. 
The  north-south  extent,  dj,,  of  the  Ionospheric  current  system  shown  in  Figaro  I  is  napped  to 
pr  and  F„  aru  the  radial  and  aximuthal  innosphero-aagnotosphere  scaling  facturs.  eeo  Figure 
2.  We  choose  a  coordinate  systea  in  the  equatorial  Diane  such  that  x  points  towards  the  sun 
(earthward),  y  points  towards  dusk  and  *  northward.  (Ivor  the  interval,  dj10,  the  nagnelosphe 
rlc  current,  J||„,  causes  the  hulk  plasma  to  In,  acceloratud  In  thn  -y  direction.  Tin*  deriva¬ 
tion  of  Jj|t)  Is  given  elsewhere  / 9/  and  wilt  nut  he  repeated. 

J||o  *  ,PhpuhWu,*l ill 

where  Kya  and  E.)a  can  bo  expressed  in  taras  of  the  ionospheric  electric  fields  and  flold' 
aligned  potential  drops,  <y  and  <jj,  according  to  Kirchhoff's  law 
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DESCRIPTION  OF  QUIESCENT  SOLUTIONS 

Wo  assume  (sou  Flguru  1)  that  a  field-aligned  potential  Cy  drop  exists  in  tho  western  log  of 
tho  east-west  circuit  and  that  a  field-aligned  potential,  Cy,  exists  In  the  poleward  log  of 
tho  north-south  circuit.  Knowing  the  expression  for  Jj>0  as  given  In  equation  (1)  we  can 
doteralne  all  the  relevant  parameters  needed  in  our  nodal  to  define  the  structure  of  the 
pre-breakup  regioo.  Figure  2  shows  a  flow  chart  of  the  logic  used.  Assune  that  in  the 
equatorial  plane  there  Is  a  plasma  with  Ion  density  nj,  ion  mass  nj,  electron  density  ne  ■ 
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rij,  an!  tho  eSenri'n#  have  a  parallel  temperature  Tne  and  a  perpendicular  temperature  «f 
T  „.  Vrsf.’riunaielv,  (he  large  number  of  parameter*  Involved  preclude*  an  exhaustive  explnra* 
i  tin  here,  We  assume  char  (he  plasma  sheet  cove*  sufficiently  Inward  during  magnetically 
disturbed  tines  / 10/  s*i  (hat  plasma  sheet  values  apply.  Thus  we  sef  nj  »  I  vo*1  and  T„t  ■ 
TeU  ■  1  keV.  The  subst-ra  current  wedge  is  ahle  (o  fern  when  the  field-aligned  potential* 
can  accelerate  eleetren*  (e  (he  E-layer  (“v  4  keV,  /ll/I.  Cn  the  ether  hand,  we  choose  12  kV 
as  a  reasonable  upper  Unit  to  the  field-aligned  potential  drop  which  corresponds  to  a 
precipitation  current  ef  *  1ft  wA/e»J.  Using  this  range  for  by  l see  figure  2UJ  corresponds  to 
a  net  westward  lenaspheri*  current,  „»y,  .<?  -  0.3  «1.0  Ala.  fiv  using  the  four  values  of  4  kV, 
K  kV,  16  kV  and  12  kV  for  by  mir  results  are  thereby  paraaeterlsed  according  to  the  Inten¬ 
sity  of  the  westward  electrojet.  Fur  purposes  of  Illustration  the  east-west  extent  of  the 
breakup  region  is  fixed  at  dftft  kn. 


Figure  3  depicts  'he  quiescent  are  struc¬ 
tures  a-  a  function  of  the  l<««spherlc 
n.irth-south  extent  of  the  enhanced 
conductivity  breakup  region  end  in  terms 
•f  Invariant  latitude  J  r  by  equal  i«« 
N.O.  These  awwie  VtT  t»*  in  the  e 
quaterial  plane  (this  alfe.(«  as 

given  In  equation  i«‘H.  All  curves  In 
this  Figure  were  generated  hv 
incrementing  dj,  »n  S  kn  steps.  The  peaks 
In  the  curves  e  *rre*p.*nd  to  the 
sagnetospheric  port  Icn  of  the  lie 
switching  frost  a  generator  to  a  load  as  d|, 
Increases.  When  this  happens  all  the  energy 
in  the  HC  is  supplied  by  the  Hall  generator 
As  discussed  bo  law  (ho  transition  frost  an  lit 
load  to  a  generator  is  inherent  I v  unstable 
Thus  tho  peaks  in  our  nodal  will  be  closel- 
associated  with  the  triggering  of  breakup. 
These  peaks  occur  at  smaller  values  of  dj, 
for  xnaller  values  of  C|(<  Tills  Is  due  to  the 
fact  that  smaller  field-aligned  potentials 
ax  sa;*:«r  loads  In  the  lift  so  that  the 
ionospheric  Hall  generator  ran  support  these 
loads  at  s nailer  values  of  dh.  All 
figure  show  that  self -consistent 
quiescent  solutions  occur  closer  to  the 
earth  the  stronger  the  westward 
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Figure  3.  Qules.ent  solution*  for  the 
location  of  substorn  breakup  ex  a  function 
of  invariant  latitude,  d|,  Is  the  north-south 
extent  of  the  breakup  region.  The  four 
voltages  are  values  for  the  field  aligned 
potential  drop  along  the  western  leg  of  the 
circuit.  See  Figure  1.  The  peaks  denote 
when  the  nagnetospheric  portion  of  the  H- 
circuit  switches  froa  being  a  generator  to 
being  a  load  as  d|,  increases. 


electrojut  (by).  The  cagnitude  of  by  seen*  to  leave  lillln  effect  on  thn  location  at  which 
pre-breakup  solutions  td|,  ■  IS-  20  ka)  nay  occur.  But  both  bjj  and  by  do  affoct  the  transi¬ 
tion  point  at  which  the  magnetosphere  becomes  a  generator  in  the  HC.  Koto  that  lha  nodal 
predicts  that  larger  quloscent  current  structures  can  be  foroed  at  higher  latitude*  as  seen 
froa  the  figure. 


Figure  1  also  Indicates  that  Incipient  breakup  regions  ( 1 5-20  ka  in  tho  N-S  direction  vs. 
200  ka  in  the  E*W  direction)  can  occur  on  Invariant  latitudes  corresponding  to  dipolar  L- 
shells  below  6  (A  »  63.9°)  as  observed  by  I'll.  We  hava  found  that  solutions  can  occur  on 
oven  lover  L-shells  if  the  oxygen  concentration  is  Increased  or  a  aore  realistic  field  nodel 
is  used.  Tho  solutions  are  also  consistent  for  surga  type  quiescent  structures  (dh  -v  100's 
knl.  That  Is,  the  surge  counterpart  to  breakup  is  predicted  to  occur  at  higher  L-shells  as 
observed. 


STABILITY  OF  QUIESCENT  SOLUTIONS 

Recall  froa  Figure  3  that  (ha  ongnetospharic  part  of  IIC  is  a  generator  if  b||/d|,  >  Bp.  Now  If 
bjj  increases  then  for  soao  auroral  arcs  tho  aagnotusphorlc  portion  of  the  HC  switches  froa  a 
lead  to  a  generator.  (Note  that  in  the  earlier  approach  of  Coroniti  and  Kunnul  (1972)  this 
generator  does  nut  exist  since  they  assumed  tho  aagnetusphorlc  p»lar  lr.nl  l«n  nlectrlr  fluid 
in  be  reru).  We  now  show  that  this  lends  to  Instability  and  tha  triggering  of  breakup.  U*l 
us  do  this  by  considering  the  effect  of  poleward  expansion  on  b|j  itself.  Wo  nssiuau  that 
Inductive  effects  keep  Jjj  approximately  constant  during  tho  initial  stages.  By  solving 
equation  lb  for  tf|  it  Is  easy  to  show  using  equation  1  (with  the  plus  sign)  that  (bjj  Inc¬ 
reases  ulth  idj,  as  long  as  b||  >  E_dtl/2.  That  Is,  even  when  tho  magnotosphcrlc  portion  of  HC 
is  a  weak  load  bp  increases  as  tho  breakup  arc  expands  poleward.  In  / 6/  wo  showed  that  the 
speed  of  the  poleward  expansion  Is  proportional  to  bjj.  Therefore,  in  our  model  there  is  a 
positive  feedback  between  poleward  expansion  and  the  field-aligned  potential  drop  along  the 
poleward  boundary.  Tills  Inherent  instability  initiates  breakup  as  shown  in  lOl. 
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CONCLUSIONS 

The  Major  results  of  our  pre-breakup  Mode)  Am  the  following.  (1)  Pm-breakup  structure*  can 
occur  oo  fairly  low  L-shells  (5-6)  consistent  with  observation*.  (2)  A  higher  concentration 
of  In  the  plasm  sheet  aml/or  a  stronger  westward  e'ecirojet  shift*  the  conditions 
favorable  to  breakup  to  lower  L-shell*.  (3)  The  location  of  the  pre-breakup  structure  Si 
relatively  insensitive  to  the  electron  teepsratum  In  the  plaza*  sheet.  (A)  «e  find  a 
positive  feedback  between  poleward  expansion  and  and  presently  speculato  that  thU  in¬ 
stability  can  trigger  subitum  breakup.  (3)  We  find  for  the  cases  studied  that  the  predicted 
values  for  the  wc  equatorial  electric  fields,  Ku„,  are  between  3  and  11  mv/m  at  geosynchr¬ 
onous.  this  compares  favorably  with  the  subuom  electric  field  values  Measured  at  geosyn¬ 
chronous  orbit  by  Pedersen  et  al.  / 12/  on  CEOS-2. 

Finally,  let  us  consider  the  following  speculative  Idea.  V*  assuae  that  the  nagnetosphertc 
electric  field,  E^,  In  the  HC  coincides  with  that  produced  by  a  global  two-cell  polar  cap 
convection  pattern  /13/.  If  F_  Is  negative  (points  tallward)  It  Is  antiparallel  to  J|{„  and 
the  nagnetospherlc  M€  1*  a  generator  (see  equations  I  and  2b).  This  can  otcur  only  west  of 
the  Harang  discontinuity.  Fast  of  the  Karang  discontinuity  £-*  is  earthward  and  the  nag- 
netospherlc  HC  is  a  load.  We  speculate  that  this  feature  couldlbruptiy  stop  the  eastward 
expansion  at  Midnight  as  observed  by  Viking  / 3/. 
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V  NEW  MODEL  FORSUDSTORM  ONSET'S;  THE  PRE-BREAKUP  AND  TRIGGERING  REGIMES 
Pi  I.  Rotnwcu*.  L.  P  Diock*.  M.  D  Sar.viTeH*  and  C.-C.  FawnaMmar’ 


Jktwt  Thti  model  explain*  wRv  breakup  ha*  been 
observed  m  law  mLi  36  And  predicts  that  a  higher  c*»n 
trnimm  of  0*  in  the  plasma  sheet  will  permit breakup  At 
Midi  low  I,  value*.  The  establishment  of  A  <©«f»Jctl  cuireni 
structure  within  a  single  Ate  h-ad*  to  a  quasi-*ub!c  sy* 
lew  \r-  the  pre-breakup  regime.  Perturbation  of  the  pre- 
breakup  structure  kad*  to  »n  instability  criterion.  Certain 
quiescent  configuration*  ste  inherently  unstable.  Trami- 
non*  from  a  *ubk  to  »n  umtabk  situation  can  trigger  a 
rapid  poleward  expansion  of  the  quiescent  ate  or  substerm 
breakup  The  kinetic  energy  of  injected  plasma  from  the 
fitagnnoud  supplies  the  energy  for  breakup. 
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Fig.  I.  The  Inhcatcrdlauinjohaim  current  system  for  sub 
storm  breakup  that  Is  used  in  the  model. 


one  u*e.d  some  years  ago  hy  Commit  and  Kennel  (1972). 
However,  we  treat  a  nomtero  polariration  field  in  the  mag¬ 
netosphere  which  we  consider  essential  for  the  breakup  in¬ 
stability 


I  INTRODUCTION 

Suhtturm  breakup  is  usually  preceded  by  the  sudden 
brightening  of  a  previously  quiescent  auroral  are  near  |o< 

•  al  midnight.  Once  it  is  "triggered*  the  arc  dynamic*  in 
the  classical  model  is  characterised  by  a  by  rapid  poleward 
and  westward  expansion  (Akasofu.  1974;  Tanskanen  et  al.. 
19S7|  Auroral  intensifications  with  characteristics  similar 
to  those  of  substorm  breakup  can  occur  in  the  evening  sec¬ 
tor  as  detected  on  Viking  by  Shepherd  cl  al.  {19$7j.  They 
expand  jwjeward  and  eastward,  abruptly  stopping  at  lo¬ 
cal  midnight  Triggering  generally  occurs  trn  the  poleward 
boundary  of  the  diffuse  aurora  which  can  be  at  invariant 
latitude*  which  correspond  to  dipolar  1.  shells  a*  low  as  5- 
6  This  paper  establishes  the  quiescent  pre-hteakup  condi¬ 
tions  whtcii  are  necessary  for  triggering  to  occur  at  such 
low  latitudes. 

The  basic  idea  is  that  the  pre-breakup  arc  consists  of 
two  couples!  electrical  circuits  between  the  iouojpherc  anti 
the  magnetospliefc.  i.e.  it  is  the  incipient  formation  of  a 
substorm  current  wedge  (McPhcrron  et  al.,  1973].  As  such 
it  has  the  basic  features  of  the  \Ve*tward  Traveling  Surge 
iWTSj  current  system  that  wc  have  previously  used  [In- 
hester  et  ah,  1&S1;  Rothwdl  et  ah.  19S4]  and  as  used  by 
Coroniti  and  Kennel  (1972).  As  implied  from  Figure  1,  the 
physical  picture  is  of  two  current  sheets;  one  flowing  upward 
on  the  poleward  boundary  and  another  flowing  downward 
on  the  equatorward  boundary  of  an  enhanced  conductivity 
region  in  the  ionosphere.  Our  approach  is  comparable  to 
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II.  THE  TWO  CIRCUIT  MODEL 

The  extended  cast-west  orientation  of  the  breakup  are 
motivate*  an  approach  which  model*  the  system  a*  two 
coupled  circuits,  one  north-south  and  the  other  cast-west. 
In  ©e  model  these  circuits  close  m  the  magnetosphere  via 
field- aligned  currents  which  arc  calculated  from  the  model 
of  Fridman  and  Lcmairc  (19$0|.  The  field-aligned  currents, 
in  turn,  ate  the  continuation  of  magnetospheric  currents 
in  the  equatorial  plane  and  are  dependent  on  the  plasma 
characteristics  there.  In  particular,  enhanced  quasi-steady 
earthward  convection  of  magnetotail  plasma  is  the  primary 
energy  source  for  both  circuits.  It  U  the  consistency  of 
this  earthward  convection  and  the  field-aligned  current* 
with  the  ionospheric  configuration  that  determine*  where 
quiescent  current  systems  can  be  established  between  the 
anosphere  and  the  magnetosphere,  i.e.  the  quasi-stable 
breakup  arc*. 

Figure  l  show*  the  ionospheric  elements  of  the  two  cir¬ 
cuits  which  are  described  in  Rothwell  ct  al.  [1984].  Wc 
believe  that  the  establishment  of  a  Cowling  channel  is  an 
essential  element  of  the  bieakup  mechanism.  Figure*  2a 
and  2b  show  the  mapping  of  the  ionospheric  circuits  into 
the  equatorial  plane.  It  is  assumed  that  the  magnetospheric 
westward  electric  field,  E*e.»  associated  with  the  earthward 
convection  from  the  magnetotaii  is  mapped,  consistent  with 
field-aligned  potential  drops  in  the  east-west  circuit,  to  the 
ionosphere  as  E,  in  Figure  1. 

We  denote  the  W  and  H  circuits  as  containing  the  iono¬ 
spheric  westward  and  poleward  currents,  respectively,  as 
siiown  in  Figure  2.  The  W-circuit,  (henceforth  denoted 
WC)  is  a  current  wedge  connected  to  the  near  earth  cross- 
tail  or  ring  current,  which  is  correspondingly  weakened 
within  the  wedge  in  the  night  sector.  The  11-circuit  (HC) 
is  closed  by  an  earthward  current,  J*„  in  the  equatorial 
plane  between  the  upward  and  downward  current  sheets. 
We  explicitly  derive  i»,  below. 

The  Cowling  channel  is  a  dissipative  structure  due  to  the 
Pedersen  currents.  This  is  simply  due  to  the  fact  that  the 
“Hall"  tcrim  of  power  balance  out.  In  the  ionosphere  the 
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Fig.  2.  a)  The  substorm  current  wedge  looking  toward*  ihc 
earth  frtxu  the  magnctolail.  Note  the  mapping  of  the  cur¬ 
rents  of  Figure  I  to  the  equatorial  plane,  b)  A  do* cup  near 
the  earth  of  the  wedge  current  system.  dv  and  d,  denote 
the  north-south  and  east-west  dimensions  of  flic  breakup 
region  in  the  ionosphere. 


WC  load  (westward  Hall  current  parallel  to  the  westward 
eleelrk  field)  exactly  equals  the  IIC  generator  (northward 
Halt  current  antiparatlei  to  southward  polarization  field). 
When  we  refer,  -hcrefore,  to  the  ionospheric  Hall  generator 
in  the  HC  circuit  we  do  not  mean  to  imply  that  the  iono¬ 
sphere  is  an  energy  souree.  The  ultimate  energy  source  is 
the  inagnetospheric  portion  of  the  \\V.  Tins  rlrctncal  en 
erg)1  transfer  from  the  Wt*  to  the  IIC  •■mlnle.-o  m  the 
IHtwer  required  to  sustain  a  lield-nhgnrd  potential  drop  in 
the  IIC.  However,  narrower  breakup  arcs  111*7  also  require 
the  presence  of  a  magnetosphrric  gencratoi  in  the  IIC  to 
sustain  a  field-aligned  potential  along  the  poleward  bound¬ 
ary.  As  discussed  below  this  situation  is  inherently  unstable 
and  is  associated  with  the  triggering  of  substonn  breakup. 

One  of  the  key  elements  of  our  model  is  how  the  HC 
current  is  dosed  in  the  magnetosphere.  The  north-south 
extent,  d*,  of  the  ionospheric  current  system  shown  in  Fig¬ 
ure  1  is  mapped  to  the  equatorial  plane  as  d»,  »  d*/Fr 
where  F,  is  a  scaling  factor  equal  to  A  A  /  aL.  F,  is  the  az¬ 
imuthal  ionosphere-magnetosphere  scaling  factor  which,  in 
a  dipole  field,  is  equal  to  See  Figure  2.  We  choose  a 
coordinate  system  in  the  equatorial  plane  such  that  x  points 
towards  the  sun  (earthward),  y  points  towards  dusk  and  z 
northward.  Over  the  interval,  d»„  the  magnelospheric  cur¬ 
rent,  J#„  causes  the  bulk  plasma  to  be  accelerated  in  the 
•y  direction. 

J„,  x  B.  =  </,</(/> V,)/dt  =  d|A(pVV)/AI  (t) 

where  H,  is  the  equatorial  value  of  the  magnetic  field  and 
d|  ~  L  Ilf  /  3  is  the  assumed  field  line  segment  over  which 
Jn,  is  nonzero  and  p  is  the  plasma  mass  density.  We  replace 


the  derivative*  with  differential*.  The  plasma  erodes  d*.  in 
a  lime  equal  to  At  ■>  d«.  H,  /  K»,  where  Kw.  is  the  dawn  to 
dusk  ekcttic  field  in  the  equatorial  plane.  We  assume  that 
if  the  initial  plasma  velocity  is  negative  (eastward)  there 
is  a  load  since  both  the  electric  field,  E,..  and  the  current 
density,  are  diretted  earthward.  If  the  initial  plasma 
velocity  has  a  positive  /-component,  however,  there  ts  a 
generator  (E,.  <  0)  and  the  hulk  plasma  motion  1*  deeel 
crated.  For  the  load  case  we  assume  an  im.'ief  y  velocity 
of  zero.  For  the  generator  case  we  assume  the  ending  y- 
velocity  to  be  zero.  Thus,  A(pVt)  «  where  the 

plus  and  minus  signs  refer  to  the  load  and  generator  caves, 
respectively.  Therefore.  J«„  is  given  by 

Jh>  •  i3) 

where  li*-,  and  Kr.  can  he  expressed  in  terms  of  the  iono¬ 
spheric  electrie  fields  and  field-aligned  jmlcntlal  diops. 
and  4# ,  according  to  KirrhlmlfV  law 

Ew.  *  r.lC.-c+tv/O  Us) 

Et.  *  ft{A>  -  +«/-M  I») 


HI.  DESCRIPTION  OF  QUIESCENT  SOUTIONS 

We  assume  (see  Figure  2)  that  a  field-aligned  potential 
♦w  drop  exist*  in  the  western  leg  of  the  cast-c  e»l  riremt 
and  that  a  field-aligned  potential.  ♦#,  exists  in  the  pole- 
ward  leg  of  the  north-south  circuit.  Knowing  the  expres¬ 
sion  for  J m  a*  given  in  equation  )2)  we  can  determine  all 
the  relevant  parameter*  needed  to  define  the  structure  of 
the  pre-breakup  regime. 

Figure  3  show*  a  flow  chart  of  the  logic  u>ed.  Assume 
that  in  the  equatorial  plane  there  is  a  plasma  with  nm  den 
.sily  u„  mu  macs  m,,  ehiirun  density  11.  n,.  -md  the 
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electron*  have  *  parallel  temperature  Tj.  and  a  ptrpcn- 
tlicuUr  temperature  of  T*,.  The  model  of  Fridman  and 
I, main*  (I9S0J  i*  then  u*ed  to  calculate  the  precipitation 
flux  (euffrnt  density)  at  the  Ionosphere  for  both  circuit* 
Current  continuity  for  the  ionospheric  westward  ami  pole 
ward  current*  Jw  and  J.v  give* 

Jn'  ■  +  £t'2n  h  JiJ  *  lu*  Hat 

Jx  ■  *•.£«  -  k,Zt  *  mm 

where  and  LV  arc  the  ionocpherie  height-integrated  Hall 
and  IWerxen  conductivities  inside  the  are  region.  For  lack 
of  a  detailed  model  at  the  western  boundary  wc  scale  the 
precipitating  flux  *o  that  1  nA/in*  of  precipitation  current 
correspond*  to  0.1  A/m  of  ionospheric  current.  This  corre¬ 
sponds  to  a  circular  hot  *poi  at  the  western  boundary  with 
a  radim  of  Cl  km.  R*  i*  the  extent  of  the  poleward  bound¬ 
ary  and  t*  estimated  from  auroral  studies  as  being  about 
20  km  The  ionospheric  conductivities  are  calculated  using 
the  model  of  Robinson  et  al  {l*»s?j  The  electric  fields 
inside  the  lubejterdlaiiinjohann  current  system  shown  in 
Figure  I  are  then  found  by  inverting  equation*  (la|  and 
fib},  l:.*|uation*  (3a)  and  i3b)  are  now  used  to  find  the 
corresponding  electric  fields  in  the  equatorial  plane.  These 
results  are  inert  led  into  equation  t2|  Current  continu 
tty.  however,  requires  that  J*.  a  F,J.v,  where  J.v  is  the 
net  poleward  ionospheric  current  density  (A/ml  inside  the 
pre-breakup  are  The  equatorial  B-fteld  is  assumed  to  be 
dipolar  l-  I.**).  Therefore,  I.  is  determined.  Note,  how- 
ever,  that  in  order  to  Initiate  the  calculation  an  l.-shell  had 
to  be  amiined  for  the  scaling  factors  in  the  Fridman  and 
l.emaim  [19SQ)  model.  Convergence  is  obtained  by  succes¬ 
sively  iterating  the  calculation  over  I,. 

The  plasma  sheet  U  assumed  to  move  sufficiently  inward 
during  magnetically  disturbed  lima  (Mdlwain,  1974)  so 
that  plasma  sheet  values  apply.  We  set  n,  *  1  cm**  and  T,i 
■  T,j  *  I  kcV,  The  substorm  current  wedge  is  able  to  form 
when  the  field-aligned  potentials  can  accelerate  electrons  to 
the  E-laycr  (•»  4  kcV.Rce*  (1904)).  On  the  other  hand,  wc 
choose  .12  kV  u  a  reasonable  upper  limit  to  the  ficid-aligned 
potential  drop  which  corresponds  to  a  precipitation  current 
of  -  3D  vA/m*.  Using  this  range  for  (see  Figure  2b) 
corresponds  to  a  net  westward  ionospheric  current,  Jw,  of 
-  0.3  -3.0  A/m  according  to  equation  4a.  By  using  the 
four  values  of  4  kV,  8  kV,  1G  kV  and  32  kV  for  our 
tcsulis  are  therehy  parameterized  according  to  the  inten¬ 
sity  of  the  westward  eleeirojct.  For  purposes  of  illustration 
the  cast-west  extent  of  the  breakup  region  is  fixed  at  200 
km. 

Figure  4  depicts  the  quiescent  arc  structures  as  a  func¬ 
tion  of  the  ionospheric  north-south  extent  of  the  enhanced 
conductivity  breakup  region  and  in  terms  of  invariant  lati 
tude  for  ♦«  =  5.0  kV  This  run  assumes  50%  O*  in  the 
equatorial  plane.  All  curves  in  this  Figure  were  gener¬ 
ated  by  incrementing  d*  in  5  km  steps.  The  peaks  in  the 
curves  correspond  to  the  inagnetospbcric  portion  of  the  HC 
switrlnng  from  a  load  to  a  generator  as  d*  decreases.  As 
discussed  below  this  transition  is  inherently  unstable.  It  is 
seen  that  self  consistent  quiescent  solutions  occur  closer  to 
the  earth  the  stronger  the  westward  clectrojet  (4-h  )•  The 
magnitude  of  4#  seems  to  have  little  elfccl  on  tbs  location 
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Fig.  4.  Quiescent  solutions  for  the  location  of  substorm 
breakup  as  a  function  of  invariant  latitude,  dais  the  north* 
*«<'iili  extent  nf  the  breakup  region.  The  four  volugw  are 
values  for  the  field  aligned  potential  drop  along  the  western 
In*  of  the  circuit.  See  Kigute  2.  The  peaks  denote  when 
the  magneiospheric  portion  of  the  11-circuit  switches  from 
being  a  generator  to  being  a  load  as  <U  increases. 

at  which  pre-breakup  solution*  (da  «  15*  20  km)  may  oc¬ 
cur.  Both  4K  and  *w  affect  the  transition  point  at  which 
the  magnetosphere  becomes  a  generator  in  the  HC. 

Figurc4  also  indicates  that  incipient  breakup  region*  (15- 
20  km  in  the  N-S  direction  v*.  200  km  in  the  E-W  direction) 
can  occur  on  invariant  latitmlr*  corresponding  to  dipolar 
I,  -shells  below  G  (A  «  G5.9’)  as  observed  for  example  by 
Tanskanen  rl  al.  (19S7).  Wc  have  found  that  solution*  can 
occur  on  even  lower  L-sliclls  if  the  oxygen  concentration  is 
increased  or  a  more  realistic  field  model  is  used.  Thi*  is 
because  the  magnitude  of  Jv,  is  fixed  by  4#  through  the 
Fridman  and  Lemairc  (1980)  expression  which  implies  by 
equation  (2)  that  (  n  m<  L'°  F* )  is  constant.  The  solutions 
arc  also  consistent  for  surge  type  quiescent  structures  (<i*. 
-  100’s  kin).  That  is,  the  surge  counterpart  to  breakup  is 
predicted  to  occur  at  higher  L-shells  as  observed.  It  is  also 
found  that  the  arc  location  is  relatively  insensitive  to  the 
plasma  sheet  electron  temperatures  above  1  keV  . 

IV.  STABILITY  OF  QUIESCENT  SOLUTIONS 

Recall  from  Figure  4  that  the  inagnetospheric  part  of  HC 
is  a  generator  if  ♦«/ d»  >  E,.  As  ♦«  increases  some  auro¬ 
ral  arc*  will  become  unstable  a*  the  msgnetospheric  por¬ 
tion  of  the  HC  switchw  from  a  load  to  a  generator.  (Note 
that  in  the  earlier  approach  of  Corouiti  and  Kennel  (1972) 
this  generator  doe*  not  exist  since  they  assumed  the  mag- 
nctospheric  polarization  electric  field  to  be  zero).  Let  u* 
examine  this  instability  by  considering  the  effect  of  pole- 
ward  expansion  on  ♦«  itself.  We  assume  that  inductive 
effects  keep  J«  approximately  constant  during  the  initial 
stages.  By  solving  equation  3b  for  ♦*  it  is  easy  to  show 
using  equation  2  (with  the  plus  sign)  that  $4#  increases 
with  4d»  as  long  as  4W  >  Efd»/2.  That  is,  even  when  tbs 
inagnetospheric  portion  of  HC  is  a  weak  load  4«  increases 
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u  (he  breakup  arc  expand*  poleward.  In  Rothwcll  et  al. 
(1984)  we  *hewed  that  the  *peed  of  the  poleward  expan* 
#ton  i*  proportional  to  ♦«.  Therefore,  in  our  model  there 
i«  a  positive  feedback  between  poleward  expansion  and  the 
field-aligned  potential  drop  along  the  poleward  boundary. 
Thi*  inherent  instability  initiate*  breakup. 

V.  CONCLUSIONS 

We  have  shown,  by  taking  the  ionoopheric  current  sys- 
tnn  *hown  in  Figure  I  and  mapping  it  to  the  equatorial 
plane,  that  two  coupled  circuit*  can  form.  One  i*  north* 
south  (HO)  the  other  i*  cast-west.  (WO).  The  HO  i*  chwed 
in  the  equatorial  plane  by  a  current  which  i*  consistent  with 
the  Jxl)  force  there.  The  ultimate  energy  source  for  both 
circuits  is  earthward  convicting  plasma  from  the  magne* 
totail  and  the  WC  transfers  energy  to  the  HC  through  an 
ionospheric  Hall  generator. 

The  major  results  of  our  pre-breakup  model  are  the  fol¬ 
lowing.  (1)  Pre-breakup  structure*  can  occur  on  fairly  low 
L-shdls  (5-6)  consistent  with  observations.  (2)  A  higher 
concentration  of  0*  in  the  plasma  sheet  and/or  a  stronger 
westward  electrojet  shift*  the  condition*  favorable  to  break 
up  to  lower  L*shclls.  (3)  The  location  of  the  pre-breakup 
structure  is  relatively  insensitive  to  the  electron  tempera¬ 
ture  in  the  plasma  sheet.  (-1)  We  find  a  positive  feedback 
between  poleward  expansion  and  and  presently  specu¬ 
late  that  this  instability  can  trigger  substorm  breakup.  (5) 
We  find  for  the  cases  studied  that  the  predicted  values  hr 
the  WC  equatorial  electric  fields,  E«-„  are  between  3  and 
1 1  mv/m  at  geosynchronous.  'Plus  compares  favorably  with 
the  substorm  electric  field  values  treasured  by  Pedersen  et 
al.  11933)  on  GEOS-2. 

Finally,  consider  the  following  speculative  idea.  We  as¬ 
sume  that  the  magnctospheric  electric  field,  E„,  in  the  HC 
coincides  with  that  produced  bv  a  global  two-cell  polar  cap 
convection  pattern.  If  E,,  is  negative  (points  tailward)  it  is 
antiparallel  to  J«,  and  the  magnctospheric  HC  is  a  gener¬ 
ator  (see  equations  2  and  3b).  This  occurs  wot  of  the  Ha- 
rang  discontinuity.  East  of  the  Harang  discontinuity  E,,  is 
earthward  and  the  magnctospheric  HC  is  a  load.  We  spec¬ 
ulate  that  this  feature  could  abruptly  slop  the  eastward 
expansion  al  midnight  as  observed  by  Yikmg  {Shepherd  cl 
al.,  I9S7). 
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ABSTRACT 

A  brief  reviov  is  given  of  dynamical  coupling  models  between 
the  ionosphere  and  nagnotoxphoro  for  auroral  phenomena.  Thu 
modols  presented  include  local  and  global  effects  as  well  the 
temporal  and  steady-statQ  aspects  of  the  westward  traveling 
surge,  stalls  will  bo  presented  of  how  the  generation  of  Pi  2 
pulsations  and  cho  motion  of  the  surge  are  related. 

X.  INTRODUCTION 

In  this  paper  wo  will  review  various  approaches  to  the 
problem  of  magnatosphero-ionosphero  (H-I)  coupling  during  the 
formation  and  propagation  of  the  Wostward  Travelling  Surge 
(UTS).  Thera  are  various  ionospheric  signatures  which  are 
associated  with  this  temporally  activa  portion  of  the  substorm. 
For  example,  it  is  observed  that  enhanced  conductivity  regions 
can  sometimes  propagate  with  spaeds  between  1  and  30  km/s. 
Other  features  includo  anorgotic  precipitating  electrons  (1-10 
koV),  generation  of  Pi  2  pulsations,  and  distortion  of  the 
global  convoctlon  pattorns.  It  is  also  important  to  point  out 
that  the  high  temporal  resolution  (1  min)  imaging  systems  on  cho 
Viking  Satellite  hava  just  begun  to  provide  a  wealth  of 
observational  information  which  must  be  integrated  into  any 
model  for  substorm  dynamics. 

The  next  section  of  tho  paper  gives  a  summary  of  a  local 
model  of  WTS  propagation  developed  by  tho  authors  (1,2).  This 
discussion  will  bo  used  to  dofino  various  mechanisms  and 
terminology  and  it  will  provide  a  frame  of  rofaronco  for 
comparing  different  works.  Following  this,  wc  considor  global 
steady  state  modols  for  calcula  *ng  tho  ionosphoric  polarization 
alcctric  field  using  empirical  current  blockage  criteria.  Next 
we  develop  temporal  models  wheroln  wo  consider  the  role  of  the 
active  ionospheric  feedback  as  a  mechanism  for  propagation  of 
conductivity  regions  and  the  generation  of  Pi  2  pulsations.  In 
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discussing  tins  various  temporal  and  steady  state  models  we  will 
utilise  a  block  diagram  format  which  should  allow  tho  reader  to 
quickly  see  their  similarities  and  differences.  Let  us  now  turn 
to  a  discussion  of  the  local  model  due  to  (1,2). 

II.  DESCRIPTION  OF  THE  LOCAL  H0DF.L 

The  Westward  Traveling  Surge  Is  a  large  region  of  auroral 
brightening  that  occurs  near  local  midnight  during  substorm 
onsets.  Hits  region  generally  moves  In  a  northwestward  direction 
hut  at  times  Is  seen  to  novo  even  eastward.  The  WTS  has  also 
been  Identified  as  the  source  of  Pi  2  pulsations  (3).  What  we 
have  tried  to  do  over  the  past  few  years  is  to  develop  a  unified 
model  for  the  WTS  chat  explains  both  the  motion  of  the  surge  and 
the  generation  of  the  PI  2  pulsations  (2,3).  Our  approach  has 
been  to  modal  the  Ionospheric  response  to  the  precipitating 
electrons  rather  than  first  Identifying  a  promising 
magnetospheric  mechanism  and  then  determining  its  effect  upon 
the  ionosphere.  While  this  may  appear  to  bo  a  somewhat  backward 
approach  lc  has  tho  advantage  of  starting  with  a  tractable 
portion  of  the  problem  whose  solution  imposes  conditions  on  the 
far  loss  tractable  magnetospheric  soureu.  It  is  implicitly 
assumed  In  our  modeL  that  tho  Inhuster-Baumjohann  current  modol 
(A, 5)  represents  the  ionospheric  currents  inside  the  surge 
region,  (see  Klguro  I). 


_ POLEWARD  BOUNDARY _ 
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Figure  1.  InhesCcr-BnumJoLann  Ionospheric  current  system  model 
for  tho  WTS 

Wq  will  consider  the  motion  of  this  currant  system  and  its 
coupling  to  the  magnetosphere  that  is  Che  subject  of  this  paper. 
While  tho  recent  Viking  results  indicate  that  the  formation  of  a 
surge  may  bo  far  more  complex  than  previously  thought  (6),  the 
present  modol  Is  still  considered  applicable  for  individual  "hot 
spots".  The  surge  Is  cruaced  by  an  external  oloetric  field,  E0 
(Fig.  1).  This  field  drlvas  a  westward  Pedersen  current  and  a 
poleward  Hall  current.  The  Hall  current  is  closed  off  into  the 
magnotosphera  by  precipitating  olectrons  along  the  poleward  WTS 
boundary.  Closure  is  governed  by  the  parameter,  a.  In  our 
context,  full  closure  (  a  »1  )  implies  the  full  continuation  of 
the  ionospheric  Hall  currant  Into  the  magnetosphere  via  flold- 
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Aligned  currents.  In  (1)  va  found  that  the  WTS  motion  In  the 
midnight  sector  is  controlled  by  (1)  the  energy  and  flux  of  the 
precipitating  electrons,  (2)  the  electron-ion  recombination 
rate,  and  O)  the  degree  of  current  closure  on  the  poleward 
boundary  of  the  xurge. 

On  the  basis  of  work  by  (3,7)  there  is  clearly  at' 
observed  relationship  between  the  WTS  and  the  generation  of  Pi  2 
pulsations  during  subatorn  onsets.  It  is  natural,  therefore,  to 
look  for  ways  in  which  this  could  occur  using  the  current  system 
shown  in  Figure  !.  It  was  determined  in  (2)  that  the  north- 
south  currant  in  the  WTS  could  produce  standing  waves  due  to  the 
reflection  from  conductivity  gradients  along  the  surge 
boundaries.  The  surge  servos  as  an  AC  port  to  an  equivalent 
transmission  lino  (8)  formed  by  the  attached  magnetic  field 
linos.  Under  the  right  conditions  this  port  can  rosonate  with 
the  transmission  lino  and  Pi  2  pulsations  will  be  generated  from 
tho  ionosphere  into  tha  nagnotusphoro. 

Onn  basic  Idas  in  our  model  is  that  there  Is  a  quasi-steady 
state  (DC)  component  of  electron  precipitation  that  is  dependent 
upon  the  temperature  and  density  of  the  plasma  shoot  boundary  as 
wall  as  on  a  potential  dlfforQnea  along  tho  field  lino.  This  DC 
component  modulates  tho  Ionospheric  conductivity  and  controls 
tho  speed  and  direction  of  the  surge  notion  (1).  Tho  lntorior 
of  tha  surgo  has  a  higher  conductivity  than  tho  surroundings  due 
to  tho  enhanced  precipitation.  Tho  current  carried  by 
precipitating  onargetic  electrons  in  tho  interior  surge  region 
is  assumed  to  bo  precisely  balanced  by  upward  flowing  lower 
energy  Ionospheric  electrons.  Thoroforo,  ionospheric  current 
closure  into  tha  magnatospharc  Is  assumed  to  occur  only  at  tho 
north-south  boundaries. 

During  substorm  onsots  thoro  is  a  transient  injection  of 
olactrons  into  tho  lonospharo  from  tho  plasma  sheet.  Tho 
associated  transient  current  is  assumad  in  our  model  to  coincide 
with  a  transverse  Alfven  wavo  that  initiates  n  feedback 
instability  between  tho  nagnatosphoro  end  the  Ionosphere  in  tha 
surgo  region.  This  Instability  producas  a  complicated  first- 
jrdor  AC  component  in  tho  precipitation  current  that  rides  on 
top  of  tho  DC  component  as  dlscussod  obova.  The  frequency  of 
these  oscillations  tend  to  fall  within  the  FI  2  band  (40  -  160 
sec  in  period  ).  The  first  and  zero  order  affects  are  not 
docoupled.  The  DC  proclpitaticn  flux  and  energy  controls  tha 
frequency  and  damping  rate  of  the  Pi  2  pulsations. 

Tho  ionospheric  ionization  density  is  governed  by  tho 
continuity  equation  as  given  by 


3N  -  Qju/o  -  0rN2  (1) 

3t 

where  Q  is  tho  energy-dependent  ionization  efficiency  as  given 
by  (9),  ju/e  is  tho  electron  precipitation  flux,  or  is  tho 
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electron-ion  recombination  rate  in  the  Ionosphere  amt  N  ts  the 
Ionisation  dunslty  In  the  ionosphere.  Tim  current  closure  on 
the  poleward  boundary  is  given  hy 


Jll  -  -  o  3J  (21 

3x 


uhero  J  is  the  poleward  Hall  current  and  n  is  the  closure 
parameter  along  the  poleward  boundary.  J  is  related  to  N  by  J  ■ 
£uEd  where  Ejj  is  the  Hall  conductivity.  Now  Ej|  •  eN/B  whore  B  is 
the  magnetic  field  at  the  Ionosphere,  by  combining  those 
relationships  with  equation  (2)  then  equation  (1)  becomes  a  wave 
equation  if  we  momentarily  ignore  the  recombination  term.  The 
phase  velocity  of  this  ionisation  wave  is  given  by 


Vx  -  QHVdo  (3) 

where  11  Is  the  Ionospheric  height  over  which  Q  is  significant 
and  Vd  ■  E0/U.  Vo  use  a  coordinate  system  in  uhleh  x  points 
north,  y  points  west  and  z  points  to  tho  zenith.  A  solution  for 
the  casu  Including  electron-ion  recombination  has  also  been 
obtained  by  |1].  It  was  found  by  (10)  that  the  surge  motion  is 
modulatud  by  tho  ratio  of  the  interior  precipitating  current  and 
the  closure  current  on  the  boundaries.  If  the  upward  current 
density  ntqulrod  by  current  closure  Is  largor  than  thu  curront 
needed  to  sustain  the  saro  order  level  of  lonizaLlon  (Hu)  in  thu 
surge  interior  then  thu  surge  moves  poleward.  If  it  is  less  than 
the  surge  moves  equatorward  and  the  surge  is  stationary  if  tho 
r.uo  upward  current  densities  are  equal.  Our  model,  therefore, 
predicts  an  auroral  brightening  along  the  poluward  surge 
boundary  coincident  with  tho  poluward  leaps  as  obsorvad. 

Equations  (1)  and  (2)  can  be  expanded  into  zero  ami  first- 
order  terms.  Tim  zaro-ordor  terms  reproduce  the  results  in  of 
(1)  and  Urn  first-order  terms  now  include  the  effect  of  the 
Alfven  wave  propagating  along  thu  field  lines.  This  is  seen  at 
thu  ionosphuru  as  an  equivalent  AC  impedance  (H). 


2  *  i  Z0  cot(urL/VA  -  ns) 


(A) 


whoro  Z0»p0VA  is  the  characteristic  impedaiico  of  the  equivalent 
transmission  line.  ur  is  dm  frequency  of  the  Alfven  wave,  n  is 
the  mode  numbor,  i.  is  tlm  length  of  the  fiold  line  betwaun  the 
ionosphere  and  the  equator  and  VA  is  tlm  Alfven  speed  (*1UU0 
km/s)  In  tlm  magimcosphero. 
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The  detail*  of  the  first-order  theory  are  provided  elsewhere 
(2).  It  Is  Important  to  note,  however,  that  one  obtain*  the 
scaling  relation 


"ns 


Vfr 


15) 


whore  AnjJ  Is  the  north-south  wavelength  of  the  I'l  2  taede  having 
the  a  frequency  fr.  Vx  Is  proportional  to  the  zoco-ordor  speed 
of  the  propagating  gradient.  This  relation  implies  that  Ans  Is 
roughly  100  kn  for  Vx  about  10  kn/s  and  fc  Is  about  100  s.  Tills 
Is  a  roalisllt  value  characterizing  the  enhanced  conductivity 
strip  of  the  WTS  region. 


III.  GLOBAL  STEADY  STATE  MODELS 


Let  us  turn  now  to  generalization*  of  the  local  model 
presented  here.  In  this  section  wu  will  discuss  the  global 
steady  state 


Htimmiu  tnouciwn 
IWUCIMI1 


Figure  2.  Global  steady  state  models 

models  of  Kan  at  al.(ll),  Mnrklund  ct  al.  [12]  and  Kan  and 
Kanidc  (13).  All  three  of  these  works  can  be  represented 
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schematically  by  the  block  diagram  shown  in  Flgu.a  2. 

Ttiora  it  is  soon  that  an  assumed  enhanced  oval  conduct lv  »ty 
distribution,  i||0(x),  and  an  ambient  two-called  convection 
electric  field  E0tx)  is  used  to  calculate  the  polarization  field 
via  a  closuro  condition.  The  parameter  x  denotes  longitude  and 
latitude  varlaelex.  As  in  the  local  model  of  Figure  l,  Kan  at 
al.  (11}  and  Kan  and  Kaalde  (13)  use  the  assumption  that  only 
global  Hall  current  is  partially  closed  at  the  conductivity 
boundaries.  Marklund  et  al.  (12)  argue  that  Hall  current 
closure  is  not  sufficiently  general  especially  when  one 
considers  the  dusk* Ida  of  the  auroral  oval.  The  ambient 
electric  field  drives  a  Northward  Hall  current  that  gives  rise 
to  a  southward  polarization  eleetric  field  and  current.  As  a 
result  Marklund  et  al.  (12)  introduce  a  closure  assumption  that 
focuses  upon  "Type  II"  currents  that  flow  as  a  result  of 
conductivity  gradients.  In  both  the  work  of  Kan  et  al.  and 
Marklund  et  at.  the  calculations  show  that  strong  polarization 
effects  tend  to  impose  a  clockwise  rotation  on  the  two-celled 
convection  pattern.  Tills  feature  is  consistent  with 
observations  and  is  a  generalization  of  the  simple  case  shown  m 
Figure  1.  Note  that  Marklund  et  al.  assume  a  uniform 
conductivity  distribution  whereas  Kan  et  al  use  one  with 
C.-.usslnn  profile  centered  at  local  midnight.  Doth  models, 
douevur,  produce  qualitatively  the  same  results.  Thu  reader  is 
referrud  to  the  two  papers  for  a  more  detailed  comparison. 

It  Is  seen  from  Figure  2  that  the  Hold-aligned  current, 
jn(x),  can  bo  considered  as  an  output  of  the  steady  state 
models.  Kan  and  Kaaldo  (13)  use  this  current  to  empirically 
update  the  ambient  conductivity  distribution  using  a  procedure 
based  on  the  generation  of  energetic  precipitating  electrons  via 
fluid-aligned  potentials.  Thusu  potentials  are  correlated  to 
regions  of  upward  field-aligned  currents  and  negative 
ionospheric  charge  densities.  As  shown  in  Figure  2  via  dotted 
lines  an  iterative  procedure  is  used  which  results  in  steady 
state  solutions  which  exhibit  certain  dynamical  features  of  the 
WTS.  It  is  important  to  realise,  however,  that  the  Kan  and 
Kamido  procedure  is  strictly  a  steady  state  nodol,  not  a 
temporal  ono.  Kan  and  Sun  (14),  however,  incorporated  the 
conductivity  enhancement  function  and  the  iterative  procedure 
Into  a  temporal  schema  which  will  be  discussed  in  ilia  next 
suction. 


IV.  MODELS  FOR  TEMPORAL  PROPAGATION 


We  nou  consider  several  methods  for  describing  the  temporal 
evolution  of  the  H-I  syston.  It  is  essential  for  this  problem 
that  an  active  ionosphere  be  included  in  the  modeling.  Figure  3 
shous  a  block  diagram  which  illustrates  the  essential  features 
of  the  various  approaches  discussed  here.  A  comparison  of 
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Figures  2  ami  3  reveals  that  the  steady-state  models  differ  from 
the  tempera!  ones  In  the  sense  that  an  open  loop  system  differs 
from  one  with  feedback.  Per  our  application  rim  feedback  Is 
Imposed  by  an  active  Ionospheric  modification  which  is  driven  by 
the  field-aligned  current  Jntx.i).  The  conductivity  changes 
are  governed  by  the  sane  mechanism  that  governed  the  dynamics  of 
the  local  model  described  in  section  II.  There  recall  that 
equation  (11  equates  the  rate  of  conductivity  Increase  to  the 
difference  between  the  ionisation  driven  by  Jn  ami  eleetron-lon 
recombination.  Ttius  the  feedback  Inherent  in  equation  (l)  is 
the  major  difference  between  steady-state  and  temporal  models. 

Another  difference  between  Figures  2  and  3  centers  upon  the 
model  used  to  describe  the  H-I  coupling  link.  For  the  steady- 
state  cases  various  types  of  civ  ure  hypotheses  were  used. 
Indeed,  this  methodology  can  also  *•  utilised  to  describe  the 
temporal  evolution.  Figure  A  shows  -a  expansion  of  M-I  block  of 
Figure  3  using  this  approach.  Tim  local  model  described  in 
section  II  is  a  result  of  the  mechanisms  illustrated  in  Figures 
3  and  A.  Clearly  one  could  extend  tlm  global  steady-state 
models  of  Kan  et  al.  {Ill  and  Harklum!  et  al.  (12)  to 
incorporate  (he  temporal  feedback  of  Figure  3.  7.1m  and  Kan  (15) 
did  this  for  the  model  of  Kan  et  al.  (II)  but  with  the 
constraint  of  complete  blockage  of  Hall  currents  via 
polarisation  electric  fields.  In 


Figuro  3.  Models  for  temporal  propagation 


209 


59 


ru  (X,i) 


-V« 


Figure  4.  Hagnetosphorlc- ionospheric  coupling  via  currant 
closure 

dm  local  slab  nodal  previously  discussed  this  would  correspond 
to  assumptions  which  would  result  in  a  northwestward  to  westward 
propagation  of  the  slab  region.  Using  the  sane  global 
distribution  of  the  driving  electric  field,  E0(x),  and  an 
initial  conductivity  as  used  by  Kan  at  al.  (11),  ?.hu  and  Kan 
(IS)  indeed  find  that  the  conductivity  pattern  exhibits  a 
westward  intrusion  accompanied  by  a  clockwise  shift  In  the  two 
ceil  convection  pattern  due  to  polarisation  effects.  To  date 
no  one  lias  yet  extended  the  steady-state  model  of  Harklumi  ot 
a,',.  (12)  to  incorporate  thu  temporal  feedback  of  Figure  3.  This 
would  be  an  interuscing  exorcise  and  should  be  helpful  In 
assessing  the  implications  of  the  more  genoral  type  tl  closure 
assumptions. 

Another  approach  to  the  description  of  the  H-I  model  of 
Figure  3  is  sliouu  in  Figure  5.  There  it  is  assumed  that  tho  H-I 
coupling  is  a  dynamic  process.  It  is  governed  by  tho 
propagation  of  Alfvdn  waves  along  thu  flux  tuba  connecting  the 
ionosphera  and  tho  magnotospheru.  As  indicated  schematically  in 
Figure  5,  magnetosphera  and  Ionosphere  input  conditions  provide 
thu  drivers  for  incident  and  raflectcd  waves  in  the  flux  tubo. 
Tills  approach  was  utilized  for  quiat  conditions  by  Atkinson 
(1C),  Sate  (8),  Hlura  ami  Sato  (17)  and  others.  In  that  context 
the  global  mechanism  of  Figure  3  was  described  ns  an  ionospheric 
fuudiiack  instability.  Hiurn  and  Sato  (17)  performed  an 
uxtensivu  glolal  simulation  of  tho  evolution  of  quiat  time 
auroral  arc  systems.  In  this  work  it  was  assumed  that  the  major 
component  of  upward  f  lald-aligncd  currents  woro  carried  by 
relatively  cold  electrons.  Hnergotic  particles  would  bo 
produced  only  when  the  upward  field-aligned  current  exceeded  a 
critical  threshold.  Thus  tho  characteristics  of  a  quiat  arc 
system  are  governed  by  the  flux  tube  ExB  drift  velocity  and  the 
Alfvdn  wave  bounce  CimQ.  This  results  in  multiplo  arc 
structures  which  propagate  at  roughly  0.2  kn/s  and  exhibit 
scale  sizes  on  thn  ordor  of  10  km.  This  is  in  contrast  to  the 
local  model  of  the  substorm  system  described  in  section  II  which 
propngatas  nt  speeds  of  1  to  10  km/s  and  exhibits  scalo  sizes  on 
the  ordor  of  100  km. 

Generation  of  Pi  2  vuvoforns  is  an  Inherent  ioaiurc  in  the 
model  described  by  Figures  3  and  5.  In  the  local  first-order 
modul  of  Rothwoll  at  al.  (2)  thu  flux  tube  was  assumed  to  act  as 


a  unifora  transmission  lino  for  Alfvdn  waves.  Moreover, 


MACNETOSPHENIC 
INPUT  CONDITIONS 


Figure  5.  Magnotospherlc-lonospharic  coupling  via  Alfvtin  waves 

properties  of  tho  PI  2  pulsations  woro  connected  to  cho  zeroth 
order  propagation  of  tho  Ionospheric  enhanced  conductivity 
region.  Kan  and  Sun  ( 1 A )  combined  tho  Alfvdn  wavo  M-I  coupling 
of  Flgura  5  with  a  oodlflcatton  of  the  loop  in  Figure  3.  In  that 
caso  tlm  tenporal  derivative  box  was  replaced  by  the 
conductivity  cnhanccnont  function  of  Kan  and  Kaaldo  (13),  Their 
procedure  results  In  a  tenporal  schema  involving  the  discrete 
bouncing  of  Alfvdn  waves  Into  the  lonosphoro  and  tha  generation 
of  "stopliko"  Pi  2  wavoforns.  It  Is  relevant  to  note  that  Kan 
and  Sun  (14]  discuss  and  review  aspucts  of  H-I  coupling  which 
aro  beyond  tho  scope  of  this  work.  For  more  dotn Us  tho 
Interested  reader  is  referred  to  the  references  cited  within  the 
Kan  and  Sun  (14)  paper.  Lysak  (18]  examined  tho  implications  of 
considering  a  nonuniform  Alfvdn  transmission  lino  mechanism  as 
tho  H*I  model  of  Figure  5.  Tho  nonunifornlty  can  bo  caused  by 
density  gradients  along  the  flux  lube.  It  was  first  discussed 
by  Mnlllnckrodt  and  Carlson  (19]  In  tho  context  of  qulot  arc 
systems.  In  his  numerical  study  i.ysak  [18]  showed  that  in 
addition  to  Pi  2  periods  (•v  100  s)  local  reflections  of  Alfvdn 
waves  from  density  gradients  could  produce  shorter  period  1 
s)  PiB  waveforms.  Moreover,  it  also  demonstrated  tho  importance 
of  feedback  instability  and  propagation  mechanisms  described  in 
section  II.  It  Is  interesting  to  note  thuf.  Lysak  (18]  does  not 
have  to  distinguish  between  tho  zeroth  order  role  of  the  closure 
parameter  a  and  tho  Alfvcn  wave  feedback  instability.  In  the 
context  of  his  simulations  Lysak  is  able  to  obtain  self- 
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consistent  propagation  anti  expansion  of  an  enhanced  conductivity 
region  coop led  with  the  onset  of  a  feedback  instability. 
Essentially  the  ansatx  of  the  u  parameter  is  replaced  by  a 
definition  of  the  nagnetospharle  generator  region.  In  the  local 
model  of  seetion  II  we  have  implicitly  assumed  that  there  could 
be  different  physical  mechanisms  present  during  the  xeroih  order 
initiation  and  conductivity  propagation  and  the  first  order 
"ringing"  of  the  H-I  system.  For  example,  the  xeroth  order 
mechanism  could  be  closely  coupled  to  the  transient  development 
of  a  substorn  torrent  wedge  whereas  the  quite  different  steady 
state  configuration  of  the  wedge  might  determine  the 
characteristics  of  the  H*l  flux  uibo/generator  region  during  the 
generation  of  Pi  2  or  Pin  waves. 


V.  CONCLUSION'S 


In  this  paper  we  have  revleuad  several  different  approaches 
to  the  problem  of  relating  substorm  dynamics  to  M*I  coupling. 
At  present,  it  Is  clear  that  more  work  neeJs  to  be  done 
concerning  the  nature  of  polarisation  electric  fields  and  the 
physical  basis  for  the  closure  parameter,  o.  Moreover, 
observations  can  now  play  a  critical  role  In  helping  to 
discriminate  amongst  various  mechanisms.  For  example,  one 
prediction  of  the  loeal  model  of  Xothwell  at  al.  (1.2)  concerns 
the  scaling  of  Ionospheric  standing  waves  that  arise  during  the 
feedback  Instability.  In  this  case  the  ionospheric  wavelength 
scales  as  the  Pi  2  time  period  times  the  propagation  velocity  of 
the  xeroih  order  slab  region.  See  equation  (5).  In  a  recent 
work,  Rothvell  et  al.  (20)  performed  a  preliminary  comparison  of 
this  result  with  data  of  Tanskanen  et  al.  (21)  and  obtained  a 
reasonable  agreement.  This  Is  perhaps  one  the  first  attempts  to 
unify  the  characteristics  of  pulsations,  which  are  correlated 
with  substorms,  to  the  dynamics  of  an  enhanced  ionospheric 
conductivity  region.  It  Is  our  opinion  that  such  a  unification 
is  an  essential  ingredient  for  a  coherent  understanding  of  the 
K'X  coupling  processes  during  substorms. 
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A  Model  of  the  Westward  Traveling  Surge 
and  the  Generation  of  Pi  2  Pulsations 

P.  L  Roniwcu,1  M.  B.  Silevitch,1  L  P.  Block,*  and  P.  Tanskasen* 

A  itkKld  of  the  w  coward  traveling  oirge  tWISI  ami  the  generation  of  Pi  2  pololkmv  It  prc-ented  hetc 
Previous  work  concentrated  on  the  motion  ef  the  WTS  at  4  function  of  the  precipitating  ckctron  energy 
a i*4  the  concurrent  generation  of  Pi  2  pulsation*  tin  a  fcedfet'k  instability.  No*  *t  took  in  more  detail 
*1  the  physical  assumptions  u-ed  in  tlcrixf«t|t  the  present  model  ami  the  relations  between  the  wo-uriler 
ami  ilx  first-order  solutions.  Conttfainu  ant  placed  on  Ox  electron  temperature  asymmetry  In  the 
plasma  sheet  by  tvqutrtng  the  Pi  2  pulsations  10  he  hounded.  H  It  fdoml  lhai  the  electron  temperature 
aniwtropy  in  the  plasma  sheet  plays  a  major  role  in  determining  ihc  direction  in  whkh  Ihc  surge  will 
peopagatc  Narrower  surges  require  greater  electron  healing  parallel  10  ihe  magnetic  IxU  for  poleward 
ms-thin.  Mine  energetic  electron  precipitation  ti  predicted  to  produce  higher-frequency  PI  2  pollutions, 
Pultaiiont  occur  in  multiple  bursts  with  the  time  Interval  het**cn  bo  rot  being  shorter  for  shorter  iWU 
lines,  Initial  amplitude  and  phase  rendition*  arc  crucial  In  determining  the  pulse  shape,  The  dominant 
perk'd  of  Ihc  Pi  2  pultatton  It  found  to  be  equal  to  take  the  north-south  dimendon  of  the  surge  divided 
by  a  term  which  it  proportional  to  the  poleward  velocity  of  the  boundary,  finally,  we  she*  that  the 
polo* aid  surge  velocities  and  Pi  2  puliation  periodt  at  meaiured  during  the  magnetospberic  subnorm  of 
June  21.  191V.  are  con  totem  with  our  model.  Ity  noting  the  direction  of  the  surge  motion,  one  can  use 
the  model  to  otimatc  ihe  magnitude  of  the  polanraiion  electric  held.  We  find  that  it  ts  continent  with 
aero  for  the  onset*  ivnodcitd, 


I.  IsTHOomnsN 

The  westward  traveling  surge  (WTS|  is  a  large  region  or 
auroral  brightening  that  occurs  near  local  midnight  during 
subxtorm  onset*.  This  region  generally  moves  in  a  northwest¬ 
ward  direction  but  at  time*  I*  seen  to  move  even  eastward. 
The  WTS  has  al»o  been  identified  as  the  source  of  Pi  2  pulsa¬ 
tion*.  What  we  have  tried  to  do  over  the  past  few  years  is  to 
develop  a  unified  model  for  the  WTS  that  explains  both  the 
motion  of  the  surge  and  die  generation  of  the  Pi  2  pulsations 
[Minhtttll  ti  uf„  1984.  1986]  (hereinafter  referred  to  as  paper  I 
atkl  pa(ier  2.  respectively).  Our  approach  has  tween  to  model 
die  ionospheric  response  to  the  precipitating  electrons,  rather 
than  tirst  identifying  a  promising  maguctnsphenc  mechanism 
ami  then  determining  its  elfcct  upon  the  ionosphere.  While 
this  may  appear  to  he  it  somewhat  backward  approach,  it  has 
die  advantage  of  starting  with  a  tractable  portion  of  the  prob¬ 
lem  whose  solution  imposes  conditions  on  the  far  less  trac¬ 
table  magnetosphcric  sourec. 

It  is  implicitly  assumed  in  our  model  that  the  Inhciter- 
Haumjohunn  current  model  [liilitiltr  tl  of,  1981,  Unuwjo * 
ham.  1983]  represents  the  ionospheric  currents  mode  the 
surge  region  (see  figure  I),  tl  is  die  motion  of  this  current 
system  and  its  coupling  to  the  magnetosphere  that  are  the 
subject  of  this  paper.  While  the  recent  Viking  results  indicate 
that  the  formation  of  a  surge  may  be  far  more  complex  than 
previously  thought  [Rusiuktr  d  uf,  1987],  the  present  model 
is  still  considered  applicable  for  individual  “hot  spots"  as  well 
as  for  the  more  classical  type  of  surge  formation.  Note,  hovv- 
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ever,  (hat  our  model  deals  with  the  ionospheric  response  to 
electron  precipitation,  so  that  direct  change*  in  the  mag* 
nctosphcric  sourcefsL  such  as  the  creation  of  a  new  hot  spot  or 
the  fading  of  an  old  one.  could  produce  dynamic  cited*  not 
explainable  by  the  present  model. 

The  surge  It  created  by  an  external  electric  field  F.a  (Figure 
II  This  field  drive*  a  westward  Pedersen  current  and  a  pole- 
ward  Hall  current.  The  Hall  current  is  dosed  olT  into  the 
magnetosphere  by  precipitating  electrons  along  the  poleward 
WTS  boundary.  Hie  parameter  a  is  a  measure  of  current  do- 
sure  efficiency,  /.vsuk  [1986]  has  discussed  the  physical  inter¬ 
pretation  of  the  3  parameter  in  term*  of  a  posdble  mag- 
nctosphcric  source  and  its  coupling  to  the  flux  lube 
ionosphere  system.  The  reader  is  referred  to  that  paper  for 
more  details.  In  our  context.  full  closure  Itnll  implies  the  full 
continuation  of  Ihc  ionospheric  Hall  current  into  the  mag¬ 
netosphere  via  field-aligned  currents.  In  paper  I  we  found  that 
the  WTS  motion  in  the  midnight  sector  1*  controlled  by  HI  the 
energy  and  flux  of  the  precipitating  electrons.  (2|  the  electron- 
mn  recombination  rate,  and  (3)  the  degree  of  current  closure 
on  ihe  poleward  boundary  of  the  surge. 

On  the  ba>i<  of  work  by  Rostukcr  wiJ  Samum  [1981], 
Siwihm  [1982].  Siitnum  ami  Roslaktr  [IV 8J],  l’a\lun  tl  of. 
[1982].  Ltsttr  ti  al  [1984],  Singer  tl  «f.  [1983.  1985].  and 
OV/pl  ti  ul.  [1987],  there  1*  dearly  an  observed  relationship 
between  the  WTS  and  the  generation  of  Pi  2  pulsations  during 
substorm  onsets.  It  is  natural  therefore  to  look  for  ways  m 
which  this  relationship  could  occur  using  the  current  system 
shown  in  figure  I.  It  was  determined  in  paper  2  that  pertur¬ 
bations  in  the  north-south  current  in  the  WTS  could  produce 
standing  waves  due  In  the  reflection  from  conductivity  gradi¬ 
ents  along  the  surge  boundaries.  The  surge  serves  as  an  ac 
port  to  an  equivalent  transmission  line  [Suro.  1982]  formed  by 
the  attached  magnetic  field  lines.  Under  the  right  conditions 
this  port  can  resonate  with  the  Alfvcn  waves  that  propagate 
along  Ihe  equivalent  transmission  line,  and  Pi  2  pulsations  will 
be  generated  from  the  ionosphere  into  the  magnetosphere. 

One  basic  idea  in  our  model  is  that  in  addition  to  (he  ac 
(Alfven  wave)  component,  there  is  a  quasi  steady  state  (dc) 
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component  of  electron  precipitation  that  l<  dcpcmleni  r;pon 
the  temperaiure  and  density  of  ik  plasma  sheet  as  well  as  on 
the  potential  difference  along  the  field  line,  Thu  tie  component 
modulates  the  Ionospheric  conductivity  ami  controls  the  speed 
and  direction  of  the  surge  motion  (paper  I). 

The  interior  of  the  surge  has  a  higher  conductivity  than  the 
estemtr  hcv3u*<  of  enhanced  precipitation,  The  current  vat- 
ried  by  precipitating  energetic  electron',  in  the  interior  surge 
region  is  assumed  to  he  precisely  balanced  by  upward  flowing 
lower-energy  ionospheric  electrons.  Therefore  ionospheric  cur¬ 
rent  elosure  into  the  magnetosphere  is  assumed  to  occur  ont> 
at  the  surge  boundaries. 

During  substorm  onsets  there  is  a  transient  Injection  of  elec¬ 
trons  into  the  ionosphere  from  the  plasma  sheet  The  associ¬ 
ated  transient  current  is  assumed  in  our  model  to  coincide 
with  a  transverse  Alfvtn  wave  [Haumiahane  anJ  GUntmeter, 
I9W]  that  initiate*  a  feedback  instability  between  the  mag¬ 
netosphere  and  the  ionosphere  in  the  surge  region.  This  tiwra- 
kiny  produces  a  complicated  lltsl-ordcr  ac  component  in  the 
precipitation  current  that  rides  on  top  of  the  dc  eomponent  as 
discussed  above  The  period  of  these  oscillations  tend*  to  fall 
within  the  l*i  2  band  (40-160  s|.  Now  the  first-  ami  aero-order 
effects  are  not  decoupled.  The  dc  precipitation  flue  and  energy 
control  the  frequency  and  damping  rate  of  the  Pi  2  pulsations, 
as  we  will  see  below.  This  approach  is  significantly  different 
from  that  of  l.ysak  [1986],  which  assumes  (hat  all  the  electron 
precipitation  is  associated  with  the  Alfvcn  wave.  Also,  our 
model  considers  the  ionospheric  response  to  the  Alfvcn  wave 
to  he  localized  in  the  surge  region,  not  global  in  nature,  as  in 
the  work  of  7.hu  u.ad  Kun  [19*7].  Comparisons  of  our  work 
with  that  of  Kan  ei  uf.  [19S4],  Kan  a nJ  KnmtJe  [19*5],  and 
Kan  tmJ  Sun  [1985]  arc  more  fully  discussed  in  section  6. 

In  the  work  of  Raihwtll  el  at.  [1988]  the  results  of  FrlJnum 
a  nJ  I. anal  re  [1980]  were  used  to  relate  the  dc  precipitation 
flux  and  energy  to  the  electron  temperature  anisotropy  in  the 
plasma  sheet  and  to  the  potential  drop  along  the  field  line.  It 
was  found  that  the  damping  rate  of  the  I’i  2  pulsations  as 
calculated  from  the  results  of  Fridman  and  Lcmairc  closely 
followed  the  envelope  of  the  growth  curves  as  calculated  from 
the  feedback  instability  theory  of  Sato  [1982].  The  physical 
constraint  that  (he  Pi  2  pulsations  be  damped  imposes  a  mini¬ 
mum  allowable  value  on  the  ratio  /,,  a,  where  is  the  north- 
south  dimension  of  the  surge  and  a  is  the  closure  parameter, 
as  defined  above.  It  was  foami  that  narrower  surge  regions 
(~  100  km)  required  preferential  electron  heating  parallel  to  It 
(the  magnetic  field)  in  order  for  poleward  motion  to  take 
place.  For  thicker  surge  regions  (—300  km),  poleward  motion 
was  allowed  even  when  the  electron  temperature  perpendicu¬ 
lar  to  fl  dominated  the  parallel  temperature.  The  precise  value 
of  the  threshold  ratio,  which  we  denote  by  (/.,/a),,  depends  on 
the  electron  temperature  ratio  Tt  /7j,  in  the  plasma  sheet.  In 
this  way  the  dynamics  of  the  surge  motion  is  controlled  by  the 


electron  temperature  anlvnropy  in  the  pla»ma  sheet  bound¬ 
ary. 

In  Section  2  we  will  review*  the  zero-order  WTS  theory  ns 
presented  in  paper  I  In  section  J.  PI  2  pulsations  will  be 
treated  according  to  the  first-order  theory  developed  in  paper 
2.  Section  4  deals  with  the  pulse  shapes  and  their  dependence 
on  initial  condition*  and  on  the  electron  precipitation  energy 
Section  5  compares  the  model  with  three  onsets  observed  on 
June  23.  1979.  Finally,  section  6  summarise*  and  presents  the 
conclusions  of  the  paper  In  the  append!*  we  have  consttuctcvl 
a  very  simple  convection  model  to  justify  the  assumptions 
used  in  interpreting:  the  experimental  data. 

2  Zixu-Qkiux  Fyi'Aitoxs 

In  this  section  we  briefly  review  ilie  motion  of  the  poleward 
Imnnd.ti  y  as  derived  in  |M|*cr  I  Along  the  boundary  is  a 
conductivity  gradient  that  must  l<  onhMcnl  with  the  election 
precipitation  from  the  magnetosphere.  The  ionospheric  ioniza¬ 
tion  density  in  the  gradient  region  is  governed  by  the  conti¬ 
nuity  equation  as  given  by 

«*.V  i*/  «  <l/„  e  -  rr,,VJ  (I) 

where  Q  is  the  energy-dependent  ionization  efficiency  as  given 
by  Mae*  [1%*],  / ,  r  is  the  electron  precipitation  flu*,  i»,  is  the 
electron-ion  recombination  rate,  and  ft  I*  the  ionl/ation  den¬ 
sity  in  the  ionosphere  The  current  closure  on  the  psvleward 
boundary  is  given  by 

i„  -  -  9  Nifix  (2) 

where  J  is  the  poleward  Hall  current  and  a  is  the  closure 
parameter  along  the  poleward  boundary.  We  use  a  coordinate 
system  in  which  ,v  points  north,  y  points  west,  and  :  points  to 
the  zenith.  J  is  related  to  ft  hv  J  »  £#/;„.  where  is  the 
hcight-mtcgraiesl  Halt  conductivity.  Now  >  WV/fl.  where  H 
is  the  magnetic  field  at  the  Ionosphere 

Hy  combining  these  relationships  with  (2),  equation  (I)  be¬ 
comes  a  wave  equation  If  we  momentarily  Ignore  the  recombi¬ 
nation  term.  The  phase  velocity  of  this  loni/ation  wave  is 
given  by 

I'  -  QhVjX  (3o) 

where  h  is  the  ionospheric  height  over  which  Q  is  significant 
and  I'j  m  t:a  tt  -*  0.25  km/s. 

A  solution  for  the  velocity  of  the  psvleward  boundary  in¬ 
cluding  electron-ion  recombination  effects  has  also  been  ob¬ 
tained  in  paper  I.  Under  the  assumption  of  constant  closure  it 
was  found  that  the  equations  greatly  simplified  Ivy  transform¬ 
ing  die  system  to  a  coordinate  frame  moving  at  the  boundary 
speed.  (A  more  exact  treatment  of  boundary  propagation, 
however,  must  lake  into  account  time-  and  space-dependent 
closure.)  In  the  moving  frame  the  conductivity  profile  of  the 
boundary  remained  conslanl  and  matched  the  Hall  conduc¬ 
tivity  inside  the  surge  at  v  -  0.  (Note  that  .v  is  the  poleward 
coordinate  here,  niiher  than  as  in  paper  I.)  in  the  stationary 
frame  the  poleward  boundary  S|>ccd  as  given  by  equation  (22) 
in  paper  I  is 

I'  -  I,  —  G  -  a,  Hi  eh  (3/«) 

where  jlv,  is  the  upward  closure  current  just  where  the  bound¬ 
ary  joins  the  surge  interior  and  is  the  height-integrated 
Hall  conductivity  in  the  surge  interior,  which  is  maintained  by 
a  precipitating  flux  Using  **  ehNa/B,  where  N0  is 
the  zero-order  ionization  level  inside  the  surge  region  which  is 
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given  by  we  have 

»•  -  i;ci  -  V*J  (.V) 

where  R,  «•  (?,/„,/«•  and  /»,  *»  0J„,/«*  arc  (he  ionization  rates  in 
the  surge  interior  and  on  the  poleward  boundary,  respectively, 

M4)d  iii  MpfvO'viiTMiviy  pv'>f«ifiwmal  u«  ok.  siKigjr  mu»,  (Nitis 

that  Q(  and  arc  the  respective  ionization  cflkkncks,  which 
are  energy  dependent  [flees,  1963].)  If  the  ioni/alion  rate 
along  the  poleward  surge  boundary  is  greater  than  the  ioniza¬ 
tion  rale  that  is  required  to  sustain  the  zero-order  level  of 
ionization  (JV#)  in  the  su'ge  interior,  then  the  surge  moves 
poleward.  If  it  is  less,  the  surge  moves  cquatorward,  and  the 
surge  is  stationary  if  the  two  ionization  rates  arc  equal,  The 
modd  therefore  predicts  an  auroral  brightening  along  the 
poleward  surge  boundary  that  is  coincident  with  the  poleward 
leaps. 

Note  that  in  this  treatment  the  conductivity  profile  has  been 
assumed  to  remain  stationary  in  the  moving  frame,  which,  in 
general,  will  not  happen.  A  nonstationary  conductivity  profile 
leads  to  a  time  dependence  in  I*  which  more  accurately  re¬ 
flects  the  surge  motion  [Siletlieh  ri  «/,.  I9W).  The  propaga¬ 
tion  speed  of  any  profile,  however,  should  Increase  in  propor¬ 
tion  to  the  excess  of  the  Ionization  rale  along  the  boundary 
over  that  of  the  surge  interior.  After  all,  that  is  what  controls 
the  propagation  of  the  ionization  wave.  Therefore  for  short 
periods  right  after  onset  the  measured  velocities  should  be  well 
represented  by  (3«)  and  (.V).  This  assumption  Is  utilized  below 
in  comparing  the  model  with  data  for  the  three  substorm 
onsets  of  June  23.  1979.  when  data  for  the  time  evolution  of 
the  conductivity  gradient  arc  unavailable 

3.  Fiksi-Okix  a  Eoua  t  K)NS 

It  is  well  documented  that  l*i  2  pulsations  arc  fundamen¬ 
tally  related  to  auroral  breakup  and  substorm  onsets  ISniiti, 
1961 :  Ro\tuker  timl  Summit,  1981 ;  ,Yi«h*o#i  iiiiJ  fl onuker,  1983; 
Sum.um,  1982].  As  pointed  out  by  .Yunwri  [1982],  tire  Hi  2 
pulsations  occur  simultaneously  with  or  before  all  other  iono¬ 
spheric  phenomena  associated  with  breakup  These  results  are 
consistent  with  those  of  Shyer  «•/  ul.  f  1983, 1985]  and  (Jelpl  el 
ul.  1 1987],  who  used  magnetometer  data  from  (he  Aw  Force 
C-ophysics  laboratory  (AF(il.)  magnetometer  chain.  Their 
results  strongly  imply  that  the  I'i  2  source  Is  locarcd  approxi¬ 
mate^  I  hour  to  the  east  of  the  western  surge  edge  PuMn  el 
ul.  1 19!|2|  carried  out  a  study  on  I'i  2  pulsations  during  the 
passage  of  the  WTS  under  three  successive  auroral  breakups. 
They  found  that  the  largest  I'i  2  pulsation  amplitudes  were 
colocated  in  the  region  of  the  brightest  auroras.  In  a  similar 
study,  tiurumkly  el  ul.  [1980]  observed  that  the  highest  i'i  2 
frequencies  occurred  near  local  midnight.  Sluuri  el  ul  [1977] 
noted  a  correlation  between  the  modulation  in  precipitating 
electron  Mux  in  the  auroral  '/one  and  the  coincident  I'i  2  pulsa¬ 
tions,  Mulixee  el  ul.  [1974]  suggested  if  it  I’i  2  pulsations  were 
a  result  of  the  brightening  of  the  aurora  that  led  to  an  injec¬ 
tion  of  an  Alfvin  wave  from  the  ionosphere  into  the  mag¬ 
netosphere.  This  leads  to  field  line  oseillulions  mid  resonances 
in  tlie  )',<  2  frequency  range. 

On  the  basis  of  the  large  volume  of  evidence  that  Pi  2 
pulsations'  and  substorm  onsets  arc  related,  it  is  therefore  logi¬ 
cal  to  explore  whether  the  surge  model  developed  in  paper  I 
can  explain  Pi  2  pulsations.  We  do  this  by  looking  at  the 
lirst-order  expansion  of  the  basic  equations.  Equations  (I)  and 
(2)  cun  be  expanded  into  zero-  and  first-order  terms.  Along  the 
boundary  the  zero-order  terms  reproduce  the  results  in  section 
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2,  while  thz/  kad  to  a  null  result  in  the  interior  where  *Y„  is 
assumed  constant.  The  lirst-order  terms,  on  the  other  hand, 
arc  defined  in  the  .surge  interior,  where  the  analysis  of  Suit) 
[1982]  can  he  applied.  They  include  the  effect  of  Alfvcn  waves 
propagating  along  the  attached  field  lines.  Their  effect  at  the 
ivtiuipiK-ic  is  Seen  «»  Mil  equivalent  ac  impcdanec  [oirrrr,  I9S2] 

w  hich  is  g'ven  by 

Y. « l/.n  cot  (cu./.Tj  -  nr)  (4 ul 

where  ••  prtl^,  Is  the  characteristic*  Impedance  of  the  equiv¬ 
alent  transmission  line,  m,  is  the  frequency  of  the  Alfvcn  wave, 
n  k  the  mode  number,  /.  Is  the  length  of  the  field  line  between 
the  ionosphere  and  the  cquatot,  and  F,  is  the  Alfvin  vpecd 
(sx  IQOC  km/s)  in  the  magnetosphere.  Equation  (4u)  assumes 
perfect  reflection  of  the  Alfvcn  wave  at  the  equator  ti  c.  zero 
magnetos pherie  conductivity),  in  contrast  to  the  Unite  mag- 
netospherk  conductivity  model  developed  by  l.puk  [1986]. 
The  first-order  precipitation  current  earned  by  the  Alfvcn 
wave  Is  related  to  Y.  through  Y.Jtt  •*  V,  •  EL.  Implicit  in  this 
equation  is  the  transmission  line  assumption  and  the  propaga- 
tion/rertection  of  Alfvin  waves  within  the  Mux  lube  connecting 
the  ionosphere  to  the  magnetosphere.  Now,  at  shown  in  paper 
2,  this  relation  when  combined  with  the  lirst-order  expansion 
of  (I)  and  (2)  leads  to  dispersion  relations  for  the  frequency 
ami  growth  rates  of  the  individual  modes. 

We  will  briefly  summarize  the  derivation  as  given  in  paper 
2,  with  special  rare  being  taken  regarding  whether  the  quan¬ 
tities  arc  defined  on  the  surge  boundary  or  in  the  surge  In- 
tcriu.  Following  paper  2,  the  lirst-order  continuity  equation 
in  the  surge  interior  gives  us 

i\V,  ft  -Qhjw  y,Vw  -  2kS\  146) 

where 

*>  "  a, S' at.  h 

A',  is  the  height-integrated  perturbed  ionization  density  nor¬ 
malized  to  the  height-integrated  zero-orde*  density,  and  is 
the  perturbed  (lirst-order)  component  of  the  field-aligned  cur¬ 
rent,  which  is  given  by 

4‘  -AiVA’/O  -  (4c  ) 

where  Jtl  *  aS,((JFu  is  the  net  zero-order  poleward  current  in 
the  surge  interior  and  is  considered  to  he  constant  there.  On 
the  boundary,  however.  Ju  closes  off  into  the  magnetosphere, 
giving  rise  to  the  zero-order  solutions  derived  above.  Note 
that  a  is  the  closure  parameter  aj  defined  on  Ihc  surge  bound¬ 
ary  while  SMU  is  defined  in  the  surge  interioi.  The  first-order 
current  (luntuations  give  rise  te  no  net  current  Mow  mo  and 
out  of  the  interior  region.  Inserting  (4r)  into  (46)  leads  to 
defining  the  parameter  I*. »  iQJil'j,  which  is  analogous  to 
the  boundary  velocity  paiamctcr  as  defined  in  (3u)  and  (3r) 
end  which  we  now  call  rrt.  Note  that  F„  «■  l’,k  only  if  the 
energy  of  the  zero-order  precipitation  is  the  same  in  the  surge 
interior  as  it  is  on  (he  boundary,  in  the  absence  of  measure¬ 
ments  of  the  electron  precipitation  energy  we  assume  that  the 
velocity  or  the  poleward  boundary  gives  a  reasonable  measure 
of  I*’,.  This  assumption  is  used  below  in  section  5  and  dis¬ 
cussed  in  the  appendix. 

The  lirst-order  dispersion  relations  are  then  given  by 

«u,  -  2ntl',1i’/.J1)  (I  +  A’*)  (5) 

Id,  =  w,.Y  -  2a,N0Jh  (6) 
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)'*K  2  (irn*ih  AmJ  damping  curses  f»>r  IN  2  pulsation*  a*  denied 
flow  model  The  growth  curves  ate  ittc  neatly  veilical  line*.  aiul  the 
damping  idee?)  I  curve  follow*  the  envelope  of  the  growth  cut  vet  i  he 
lie Iv  mark*  on  l He  vIcvmv  curve  map  ih<  precipitating  electron  energies 
lo  the  aNo»»a,  The  ahwioa  i«  ploucvl  in  unite  of  I,  wheie  I.  is 
the  notiloMiiilh  cvicni  of  llic  surge  In  line  example  we  (mil  >, 

>  -  I  V)  km.  I ,  ~  0005.  r„/„  -  10.  T,  -  04  keV.  ami  T,  -  02 

keV  See  levt  for  definitions 


where  « /,  amt  vjt  are  the  real  amt  imaginary  components  of  the 
frequency,  respectively,  X  is  equal  to  7.  as  iteflnevi  in  (4o)  times 
the  zero-order  Pedersen  conductivity  in  the  ionosphere,  £M. 
,VW  is  the  height-integrated  equilibrium  icni/ation  density  as 
expected  from  the  zero-order  (del  cleciron  precipitation  inside 
the  surge.  From  now  on  we  set  A’w  *»  h,\'a.  where  <V„  is  the 
local  zero-order  ionization  density  at  the  maximum  ionization 
altitude  for  a  given  precipitation  energy.  (Note  that  in  equa¬ 
tion  MX)  of  paper  2,  ii  of  equation  (ft)  above  is  missing  ami  the 
dcltmlmu  given  in  equation  (I  I)  of  paper  2  should  replace  a  in 
equations  (121  and  (16)  of  paper  2.) 

Now  if  the  zero-order  electron  precipitation  energy  inside 
the  surge  is  of  the  order  of  a  couple  keV.  then  I',  is  approxi¬ 
mately  a  couple  kilometers  per  second  (paper  I).  In  addition,  if 
the  north-south  surge  dimensions  (/.,)  are  of  the  order  of 
hundreds  of  kilometers,  then  the  characteristic  frequency  (I 
2/,)  for  ionospheric  waves  is  close  to  that  of  Pi  2  pulsations. 
In  order  for  a  resonance  to  occur  the  characteristic  iono¬ 
spheric  frequency  just  derived  must  be  greater  than  or  equal 
to  the  frequency  of  the  fundamental  toroidal  mode  for  the 
attached  field  lines.  Slayer  el  ill.  [1981]  found  that  the  fre¬ 
quency  of  the  fundamental  toroidal  mode  was  smallest  at  local 
midnight,  reaching  (he  Pi  2  range  of  0.02  s'1  at  A  “  66*  and 
0.005  s  1  at  A  68  .  This  suggests  that  the  formation  of  a 
surge  at  auroral  latitudes  near  local  midnight  sets  up  a  reso¬ 
nance  condition  between  the  ionospheric  waves  and  the  mag¬ 
netic  field  line  oscillations  which  is  triggered  by  the  feedback 
instability,  as  described  here. 

There  are  both  reactive  (  +  .Y)  and  capacitive  (—.V)  solu¬ 
tions  to  (5|  and  (6),  The  reactive  solutions  lead  to  growing  Pi  2 
pulsations  from  the  feedback  instability,  while  the  capacitive 
solutions  quench  the  instability.  Reference  is  made  to  Sain 
f I9K2]  and  references  therein  regarding  the  details  of  these 
effects  Siunwn  [  19X2]  found  (hat  the  Pi  2  oscillations  origi¬ 
nating  from  field-aligned  currents  are  phase-shifted  with  re¬ 
spect  to  Pi  2  pulsations  arising  from  the  electrojct.  In  the 
present  model  this  effect  comes  from  the  inductive  nature  of 
the  field  lines  which  allows  growing  solutions. 


Note  that  the  litst-orvlcr  dispersion  relations  nlso  depend  on 
the  zero-order  precipitation  energy  ti.e..  live  field-aligned  jv 
tentlal  drop)  through  l',r  We  use  )hc  theory  of  I'ritlmm  ml 
tjrmine  [1980]  to  estimate  the  magnitude  of  the  zero-order 
precipitation  for  various  field-aligned  potential  differences  ami 

nbim»  tfliivi  ivirmit^Mrs^ 

I'tgtire  2  shows  a  separate  plot  of  the  Pi  2  growth  ami  decay 
terms  from  (61  as  a  function  of  !”,/<!,.  The  growth  curves  ate 
the  nearly  vertical  lines  that  tend  to  cross  over  each  other.  The 
damping  curve  is  the  nearly  straight  line  that  closely  follows 
the  envelope  of  ihc  growth  curves.  The  damping  curve  was 
calculated  according  to  the  Frhtmun  nml  Ixirmtre  [19X0] 
theory  with  electron  plasma  sheet  temperatures  of  7,'!  -  0.4 
keV  and  T.  -  0  2  keV  and  with  the  density  of  the  plasma 
sheet  assumed  to  lie  0.2  cm  \  The  tick  marks  denote  the 
locations  of  various  precipitation  energies.  Note  that  more 
energetic  precipitation  turns  on  higher-frequency  modes,  l  or 
Figure  2  we  used  »  10  mhos.  -  I  ohm,  I',//,  -  0.005 
s  ',  and  /,  *  **  120  km. 

If  one  inserts  (5)  into  (ft)  and,  for  the  moment,  ignores  Ihc 
decay  term,  then  one  can  find  the  maximum  growth  rate  as  a 
function  of  X.  It  is  ro,.V  - 10,  » jjF’  /i,  [/turAnvfi  el  uL  I9XX], 
The  condition  that  the  Pi  2  pulsations  be  damped  (ic.,  that 
2a, N „&  si,  /.,)  leads  to  a  minimum  allowable  threshold  on 
>,  ».  which  to  a  high  degree  of  accuracy  is  independent  of  the 
zero-order  precipitation  energy.  This  threshold  depends  on  the 
plasma  sheet  parameters  through  the  h'rlJitum  uml  Ixmalre 
[1980]  relation.  We  again  set  the  plasma  sheet  number  density 
to  0.2  cm  *  and  calculated  the  threshold  value  of  /.,/*  by 
assuming  a  linear  fit  to  the  precipitation  current  for  field- 
aligned  potential  d?0'<  between  5  kV  and  50  kV.  Figure  2 
shows  a  plot  of  the  values  ttj*),  versus  the  electron 

temperature  anisotropy  ,  in  the  plasma  sheet.  An  analyti¬ 
cal  expression  for  the  dependence  of  the  threshold  values  on 
7‘, .  7j|.  and  the  plasma  sheet  mimlier  density  can  he  found. 
This  is  done  by  noting  that  <V„  >  «1».  which  leads  lo  (2.,,  a),  a 
Tt  "1<V/1jMiVf,l'J),  whcrc  «|>  js  the  field-aligned  potential  drop. 

There  is  a  simple  physical  explanation  for  associating  an 
enhanced  7],  with  poleward  motion  of  the  conductivity  slab, 
An  increase  in  7j,  causes  an  increase  [ Frhlmim  tmJ  /.<•• 

wiilre,  1980].  This  increases  the  degree  of  modification  of  the 
conductivity  gradient  along  the  poleward  boundary,  whieh 


lig.  .1  The  dumping  threshold  Tor  I’i  2  pulsations  as  a  function  of 
the  electron  temperature  anisotropy  in  (he  plasma  sheet  using  the 
model  of  FrlJnum  ami  Ixnunrc  [19X0]  for  lire  precipitating  electron 
Ihu  When  die  measured  value  of  /,/a  exceeds  die  ihreshold  value, 
the  I’i  2  pulsations  are  damped. 
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vuu**  a  faster  poleward  surge  expansion.  The  net  effect  Is  that 
*nyth‘ng  that  increases  along  the  poleward  boundary  wilt 
cause  a  more  northward  motion  of  the  surge  region.  An  etv 
hancement  of  /,,»  t>!«*  reduces  the  north-south  polarisation 

itch!  (SC^)‘igt*«C  IJ.  Wbfeb  ...vl" tltC  IIHM  Cm  I  Clli. 

Ni>w  an  enhancement  in  temperature  anisotropy  (if  It  is 
global)  will  tend  to  impose  an  increase  in  y|(  at  the  surge  head. 
In  our  simplified  steady  state  model  this  must  be  offset  by  a 
compensating  decrease  in  the  Acid-aligned  potential  [HrUman 
nml  Umtlre,  IVttO]  at  the  surge  head  in  order  for/()  there  to  be 
continuous  with  the  diminished  westward  ionospheric  current. 
Our  model  therefore  also  suggests  that  enhanced  7[,  is  accom¬ 
panied  by  a  brightening  along  the  poleward  boundary  and  a 
dimming  in  the  region  near  the  surge  head, 

The  opposite  argument  holds  for  preferential  electron  heat¬ 
ing  perpendicular  to  the  magnetic  field  in  the  plasma  sheet,  in 
that  case  the  westward  Hall  current  due  to  the  polarisation 
electric  field  is  increased,  and  therefore  the  Held-aligned  poten¬ 
tial  at  the  surge  head  must  increase  to  maintain  current  conti¬ 
nuity  [FritlmuH  i mj  Ixmolre,  1980).  These  effects  favor  a  more 
westward  motion  of  the  surge  region.  The  corresponding  argu¬ 
ments  suggest  that  enhanced  7',  will  also  cause  a  dimming 
along  the  poleward  boundary  accompanied  by  a  brightening 
near  the  surge  head. 

In  summary,  according  to  our  model,  poleward  surge 
motion  is  associated  with  electron  heating  in  the  plasmc  sheet 
parallel  to  the  magnetic  lickl.  This  heating  could  be  cautcU  by 
Fermi  acceleration  as  the  tail  Held  becomes  more  dipolar. 
Preferential  perpendicular  heating  from  conservation  of  the 
first  invariant  is  associated  with  westward  surge  motion. 

What  happens  when  the  surge  si/e  is  below  the  threshold 
limit  with  a  ■  I?  In  that  case  we  have  positive  growing  pulsa¬ 
tions.  The  period  of  the  wave  with  the  fastest  growth  rate,  and 
therefore  the  period  that  is  characteristic  of  the  Pi  2  pulsation 
is  22,/F,.  In  tlic  limit  of  (.hi)  Ok  .surge  is  expanding  at  a 
velocity  I',,  which  nwans  Ok  surge  triples  in  si/c  m  one  pulsa¬ 
tion  period.  The  threshold  for  damping  is  quickly  reached,  and 
the  pulsation  has  a  Unite  amplitude.  This  feature  validates  the 
linear  approximation  used  in  deriving  the  Pi  2  pulsations. 
However,  the  rapid  poleward  motions  mean  that  Otc  zero- 
order  parameter  2,  is  changing  on  a  lime  Kale  comparable 
with  the  first-order  solutions.  At  the  very  least  this  leads  to  a 
time-dependent  frequency  which  is  outside  the  scope  of  our 
solutions.  This  problem  is  resolved  if  the  surge  moves  in  spurts 
or  jumps.  In  that  ease  the  motion  of  the  boundary  induces  a 
standing  ionization  wave  inside  the  surge  with  a  phase  veloci¬ 
ty  which  we  assume  to  be  dose  to  the  boundary  velocity. 
From  (5)  this  ionization  wave  is  in  resonance  with  the  fastest 
growing  Pi  2  mode  (,V  ■*  I),  and  the  present  model  applies 
between  jumps.  The  assumption  is  that  the  jumps  occur  often 
enough  that  the  critical  surge  st/e  is  reached  in  a  timely 
manner  and  the  pulsation  amplitudes  are  not  unreasonably 
large.  A  parallel  resistance  along  the  Held  line,  such  as  that 
measured  by  Welmer  el  til.  [1*285.  1987),  would  also  contrib¬ 
ute  to  keeping  the  amplitudes  finite  (C.  K.  Goertz,  private 
communication,  1987).  During  jumps  a  nonlinear  treatment 
such  us  that  of  Lysuk  [1986,  1985).  which  incorporates  the 
generation  of  PiB  pulsations,  is  probably  necessary.  The  ob¬ 
servations  of  Opyentwrih  e:  til.  [1980)  and  Boslnyer  et  til. 
[1981)  suggest  that  PiB  type  pulsations  lasted  ns  long  as  the 
local  onset-connected  field-aligned  currents  were  growing.  On 
the  other  hand,  if  the  multiplicative  factor  shown  in  (3c)  is 
sufficiently  small,  then  the  change  in  ftequency  is  adiabatic, 
and  the  present  model  applies  in  its  entirety. 


Hg.  Decay  lime  of  the  Individual  modes  shown  In  figure  2  for 
a  precipitating  electron  energy  of  5  keV.  The  dots  denote  specific 
modes  labeled  M,  Note  that  after  several  minutes  the  pulse  will  become 
quasi-monochromalic  with  ihc  center  frequency  corresponding  to  the 
(attest  growing  mode.  This  it  consistent  with  the  data  shown  in 
figure  9. 

From  Figure  3  we  see  that  smaller  damping  threshold 
values  for result  when  the  plasma  sheer  electrons  are  prefer¬ 
entially  healed  parallel  to  the  magnetic  field.  Now  if  the  north- 
south  surge  dimension  is  below  the  threshold  value  for  a  given 
plasma  sheet  model,  then  a  must  be  less  than  I  in  order  for  the 
Pi  2  pulsations  to  be  damped.  In  paper  I  we  showed  that  the 
direction  of  the  surge  motion  is  highly  dependent  on  a.  For  a 
values  less  than  I,  westward  motion  is  predicted,  while  a  2  I 
allows  poleward  or  even  eastward  motion.  Therefore  accord¬ 
ing  to  our  model  the  electron  temperature  anisotropy  in  the 
plasma  sheet  together  with  the  physical  requirement  that  the 
Pi  2  waves  be  damped  plays  an  important  role  in  determining 
which  way  the  current  system  of  Figure  I  is  going  to  move. 
The  result  is  that  embryonic  surge  regions  require  substantial 
preferential  healing  parallel  to  B  for  poleward  leaps  t?  occur. 
Some  specific  pulse  shapes  will  now  be  examined. 

4.  Pi  2  Pulsc  Stum 

Recall  from  Figure  2  that  the  net  decay  rate  of  each  mode  is 
the  difference  between  the  decay  curve  [2otS0]  and  the  indi¬ 
vidual  growth  curves  m  it  specific  precipitation  energy.  Figure 
4  shows  the  calculated  decay  lime  for  each  mode  for  an  inci¬ 
dent  energy  of  5  keV  and  a  surge  size  of  113  km.  All  other 
parameter  values  are  as  m  Figure  2. 

Thirty  modes  are  evened  in  this  particular  example,  and 
each  mode  is  represented  by  a  dot.  Note  that  the  decay  time 
as  a  function  of  frequency  is  highly  peaked  at  the  frequency 
value  found  in  section  3  for  the  maximum  growth  rate.  What 
Figure  4  tells  us  is  that  the  higher  and  lower  frequencies 
quickly  become  damped  and  that  the  pulse  propagates  around 
a  narrower  frequency  band  at  longer  times.  The  period  of  this 
pulsation  at  the  peak  frequency  is  approximately  25  s.  which  is 
consistent  with  the  Pi  2  frequency  range. 
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4  tnminm  innt  for  ihc  same  iiipul  parameters  av  shown  in  I  igorc 
4  lhi»  u  i  tinea*  super  pmUmil  iif  all  l lie  iwsks  assuming  equal 

imiul  ampliinds-s  ami  pha-es 

figure  5  is  a  lime  history  of  Hits  putvc  The  imu.il  con¬ 
ditions  for  this  particular  plot  were  chosen  such  that  all  modes 
Merc  u'Mimcil  to  be  evened  wdh  (lie  same  amplitude  ami  at 
I  he  same  phase.  The  predicted  lime  hixtoty  as  jiecn  from 
Figutc  <  i%  thai  of  a  large.  Initially  overdamped  pul*  followed 
by  scries  of  "ringing”  pulse*  of  about  min  in  duration  and 
ti  7  min  >ip. in  I  he  mite  intcr\.il  between  "rings”  becomes 
longer  ae  the  ratio  I ,  I,  becomes  \matler  Assuming  I ,,  stays 
conetant.  this  implies  that  period  between  ring.  is  proportion* 
at  to  the  length  of  the  magnetic  Held  line 

The  specille  shape  of  a  given  pulsation  therefore  depends 
very  strongly  on  the  Initial  conditions  of  its  formation.  The 
present  mmlcl  does  not  speeify  what  these  conditions  are.  but 
it  does  give  the  time  evolution  of  the  pulse  once  the  initial 
conditions  me  given 

Despite  this  tincedainiy.  however,  one  can  speculate  on 
various  possibilities.  We  redid  live  plot  in  figure  5  using 
random  initial  phases  (between  I)  and  .'Ml  |  for  each  of  the  JO 
modes  figure  (>  shows  the  results  Note  that  the  pulse  has  an 
extremely  complicated  shape  during  the  first  $  min  which 
completely  masks  the  underlying  sinusoidal  dependence.  In 
fact,  one  might  interpret  this  section  as  a  series  of  single 
pulses.  The  randomness,  however,  destroys  the  precise  re¬ 
peatability  of  the  time  profile,  so  that  another  example  with 
the  same  parameter  values  would  look  somewhat  different.  It 
was  found  that  even  if  the  randomness  in  phase  was  as  little  as 
20 .  a  difference  with  Figure  6  was  not  discernible.  Given  the 
complexity  of  the  magnetosphere-ionosphere  system  and  the 
irregularity  of  the  driving  precipitating  tlux.  some  incoherence 
in  mode  stimulation  is  to  be  expected.  This  incoherence  de¬ 
stroys  the  precise  cancellation  between  bursts,  as  seen  in 
figure  f.  and  the  model  simulates  the  actual  data  more  close¬ 
ly 

Randomi/ation  of  the  initial  amplitudes  also  destroys  co¬ 
herence  and  produces  results  similar  to  those  seen  in  Figure  6 
Tor  random  initial  phases.  Therefore  Figure  6  is  representative 
of  a  wide  class  of  initial  conditions.  Now,  regardless  of  the 
initial  conditions,  the  selective  tillering  of  the  frequencies  ns 
seen  in  f  igure  -1  leads  lo  a  hiiistlike  type  of  behavior  after 
longer  nines  Therefore  the  precise  nature  of  the  initial  con- 
dittnns  seems  io  dominate  in  only  the  lirst  few  minutes  of  (he 
pulse  train 


figure  7  shows  a  coherent  pulse  tram  for  an  inctdctil  enui  > 
of  I  S  kcV.  I ,  /.  ’  CMKII  x  '.  ami  /,  »  »  125  km,  Note  the 
came  general  features  ax  in  figure  S  an  initial  overdamped 
pulse  followed  much  later  (JO  mm)  hv  a  finite  poise  tram.  If 
this  plot  were  of  data,  tt  would  take  a  very  astute  observer  to 
'Cvognt/c  that  these  two  pulses  wo  tmiceii  one  uml  itu-  same 
I  he  pulsation  hutsi  evolves  toward  the  mode  with  the  longest 
decay  time  tSee  the  above  discussion  in  regatd  to  f  igutc  4.) 
the  pctiod  of  this  iiuhIc  is  given  by  /,  -  2/.,  I,  and  In  this 
vase  ts  equal  to  122  «.  «<  opposed  to  25  s  for  u  5-kcV  electron 
precipitation  cncrgv  Ihctcfore  one  testable  element  of  our 
mmlcl  is  that  the  frequency  of  the  later,  periodic  portions  of 
the  Pi  2  pulsations  should  mcfc.isc  with  the  electron  precipi¬ 
tation  energy 

figure  X  shows  n  pulsation  with  the  same  input  values  as  in 
figure  7  except  that  the  initial  phases  ate  randomized  as  in 
figure  ft  Note  that  the  hotr/ontal  scale  is  approximately  on-- 
half  that  of  figure  7  Ramlnmi/nlion  valises  the  various  musks 
not  to  cancel  ami  produces  some  inteicstiiig  waveforms  during 
the  first  few  minutes.  In  fact,  the  lirst  two  peaks  rcscmbk  a 
sequence  of  two  ovetdamped  singk  pulses,  rather  than  a 
superposition  of  sinusoidal  modes  T  he  umktlying  sinuwmlal 
structure  docs  not  become  apparent  until  IU  min  after  onset. 
The  pulsation  shape  is  close  to  the  measured  Pi  2  waveforms 
shown  in  paper  2  ami  in  f  ignre  '  in  the  work  of  .Vooihwmc/ 
mill  Slimrl  [  19X0), 

It  should  Ik  pointed  out  that  the  precise  cancellation  of  the 
waveforms  between  bursts  seen  in  figures  5  ami  7  implies  a 
highly  systematic  structure  for  the  nonlinear  solutions  which 
were  obtained  numerically  Investigation  is  proceeding  as  to 
wliat  tins  structure  ts  cud  whether  tt  can  he  expressed  In  an 
analytical  form  or  not. 

We  arc  also  presently  looking  at  the  Fourier  transform  of 
these  time  proitks  in  order  to  make  comparisons  with  data. 
Owing  to  the  fact  that  the  decay  time  is  a  function  of  fre¬ 
quency  (see  Figure  4k  the  frequency  content  of  the  wave  is 
tune  dependent.  Tins  means  that  the  Fourier  transform  is  sen¬ 
sitive  to  the  time  which  the  transform  is  taken,  No  vert  lic¬ 
ks'.  our  model  predicts  a  spiky  power  density  spectrum  with 
tlie  ventral  spike  located  at  the  frequency  corresponding  to 
minimum  damping 


fig  (>  The  same  as  Figure  s  hui  now  llie  linear  superposition  is 
earned  oul  with  random  imlial  , v  ;ims  Note  I  he  noiiMnusoid.il  be¬ 
havior  al  llie  beginning  Ibis  ligtirc  is  more  eonusli.nl  with  die  d.il.i 
ilian  figure  S 
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5.  ConrAHMON  or  Moor  i.  Wiim 

KxmoMfMAt.  Data 

A  detailed  study  of  three  successive  sub-norm  onsets  on 
June  23.  197V,  wm  carried  out  using  satellite-,  balloon-,  ami 
ground-based  particle  and  field  data  [7'u«<kone«  er  »L  1987], 
We  now  utilize  these  data  to  estimate  the  poleward  velocity  of 
the  surge  boundary  and  the  north-south  extension  of  the  surge 
6>r  each  of  the  three  onsets.  These  results  are  then  used  to 
estimate  the  period  of  the  fastest  growing  mode,  as  described 
above,  ‘t  his  period  is  then  compared  with  the  measured  period 
of  Hi  2  pulsations  as  seen  by  ground-based  magnetometer 
stations. 

l-or  the  following  compatison  we  use  Table  3  of  Tmikmm 
of  uf.  f  1987].  The  first  onset  was  observed  at  SodankyU  (lati¬ 
tude  67.4  .  longitude  26,6 .  /. «  3.1)  at  2101  UT.  Thirty  sec¬ 
onds  later,  St  was  observed  at  halo  (latitude  68.6  .  longitude 
27,4 .  f.  a  5.7k  and  30  s  beyond  that,  at  2102  UT,  it  was 
observed  at  Kevo  (latitude  69.8 ,  longitude  27.0',  L  *»  6.2). 
Now  SodankyU,  Ivafo.  and  Kevo  are  close  together  on  the 
same  meridian,  so  that  the  successive  detection  of  the  onset 
gives  a  good  measure  of  the  initial  poleward  surge  velocity  T. 
We  find  I' m  4.4  km/s  for  the  first  onset,  The  westward  com¬ 
ponent  of  the  surge  velocity  F„  is  found  by  noting  that  the 
onset  occurs  at  the  balloon  $0622  (latitude  67.6  ,  longitude 
5.1  , 1. at  6)  10  min  after  it  reached  SodankyU.  which  is  along 
the  same  geographic  latitude.  Therefore  l‘v  *•  1.6  km/s  for  the 
first  onset.  The  surge  is  estimated  to  include  SodankyU  and 
Kevo,  which  gives  a  mirth-south  extension  3,  of  about  280 
km.  For  a  complete  analysis  it  is  necessary  to  know  the  energy 
and  fiux  of  the  electron  precipitation  both  inside  the  surge  and 
along  the  poleward  boundary.  Unfortunately,  this  level  of 
detail  is  not  available.  However,  we  do  have  riometer  data 
which  give  an  Indication  of  the  relative  intensity  of  the  precipi¬ 
tation  energy,  'ihc  precipitation  was  most  intense  during  the 
first  onset.  Therefore  for  this  period  we  make  the  assumption 
that  the  ionization  rate  along  the  surge  boundary  exceeds  tlx 
iom/ation  rate  inside  Ihc  surge  ami  that  T  *  «  I  j, »  4.4 

km/s.  (Sec  (3c).  the  discussion  following  (4c),  and  the  appendix 
for  more  details  regarding  these  assumptions.)  In  this  case  the 
period  (7^  **  23,/FJ()  of  the  fastest  growing  mode  is  127  s. 
Now  the  magnetometer  results  are  Fourier-analyzed  and  plot- 


Fig.  7.  Time  history  of  a  Pi  ?  pulsation  with  coherent  initial 
phases  and  I.S  kcV  incident  energy.  Note  the  longer  period  in  com¬ 
parison  with  Figure  5.  The  higher  the  incident  energy  the  higher  the 
frequency  of  the  expected  pulsations. 


I’tg,  X,  Time  history  of  a  Pi  2  pulvlllofi  wfih  random  Initial 
phase*  and  I.S  kcV  incident  energy  This  pulse  profile  lx  xery  similar 
to  profiles  obsetved  In  the  data  I  set,  for  example.  K-ufo-rfl  rf  nf 
( I9X6]>.  Note  once  again  that  the  pulsation  becomes  almost  mono- 
chrimtaiie  after  about  10  min. 

led  in  frequency  versus  lime  contour  plots,  where  each  con¬ 
tour  represents  a  constant  amplitude.  The  contour  plot  of 
Kevo  is  shown  in  Figure  9,  with  the  onsets  denoted  by  short 
vertical  lines.  Just  after  the  first  two  onsets  the  maximum 
amplitude  (the  dense  band  of  concentric  ellipses)  occurred  at 
approximately  120  $  10  s,  with  a  secondary  peak  at  ~  95  X.  A 
plot  of  the  Ivalo  magnetometer  data  show*  similar  results 
although  at  lower  amplitudes.  The  delay  of  the  monochro¬ 
maticity  relative  to  the  suhstorm  onsets  is  consistent  with  the 
model  results  shown  in  Figures  6  and  8,  For  the  first  onset  the 
delay  is  approximately  6-8  min.  Considering  the  assumptions 
involved  in  calculating  l’„  and  a,,  the  excellent  agreement  (127 
s  versus  120  £  10  s)  may  be  somewhat  fortuitous.  However, 
the  overall  agreement  between  the  experimental  observations 
and  the  model  lends  a  great  deal  of  credence  to  Ihc  model’s 
basic  veracity. 

The  second  onset  of  SodankyU  (2107:30  UT)  gives  similar 
results.  The  poleward  velocity  between  SodankyU  and  Ivalo 
(2109  UT)  is  1.5  km/s.  and  between  Ivalo  and  Kevo  |2I09:30 
UT)  it  is  4.4  km/s.  The  lower  velocity  between  SodankyU  and 
Ivalo  is  explainable  by  the  fact  that  the  riometer  absorption  at 
SodankyU  has  dropped  to  0.7  dB  from  1.3  dB  as  in  the  first 
onset.  This  implies  less  intense  precipitation  and  hence  a 
slower  speed  according  to  our  model.  The  westward  velocity 
component  is  found  as  before  and  Is  1.8  km/s.  Wc  take  the 
north-south  surge  dimensions  lo  be  between  SodankyU  and 
Kevo  as  before,  which  gives  286  km  in  geographic  coordi¬ 
nates.  Now  Andcnes  is  geographically  south  but  magnetically 
north  of  Kevo  [see  Tunskown  el  «/.,  1987,  Table  3].  If  one 
prefers  the  surge  dimensions  in  magnetic  coordinates,  then  Ihc 
surge  should  be  measured  between  Andcnes  and  SodankyU. 
In  that  case  we  find  a  distance  of  289  km.  The  period  of  the 
fastest  growing  mode  is  therefore  predicted  to  be  131  s.  Now 
from  Figure  9  we  uce  that  the  period  with  the  maximum  am¬ 
plitude  is  around  127  s,  which  occurs  approximately  It)  mm 
after  the  second  onset  The  agreement  is  again  excellent. 

The  third  onset  is  more  complicated  for  two  reasons.  The 
first  reason  is  that  the  poleward  boundary  now  passes  by  the 
stations  KA  0622  (latitude  70.4'-,  longitude  —  7.2  ,  /.  er  8.5)  at 
2140  UT,  Bjornoya  (latitude  74.5  ,  longitude  19  .  /.  =  9.4)  at 
2143  UT.  and  HO  0623  (latitude  72.9' ,  longitude  7.6,ia  9.2) 
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I  ip,  9.  A  contour  pkil  »>f  l He  fillercJ  magnetometer  data  (aim  at  Kevo  tlutlns  the  iif  three  substorm  onset*  on 
June  3*.  1979  Cavil  contour  represent*  a  given  amplitude  whKh  i‘  plotted  a»  a  function  of  frequency  The  ah*c«t*  it 
universal  lime  m  units  of  minutes  slatting  al  10515.00  UT  and  ending  at  2 1 5x .-00  UT.  ‘Hie  three  heavy  lick  mark*  show  the 
time  of  the  three  onset*,  The  wore  concentrated  arcat  of  concentric  ting*  denote  region*  of  more  inicntc  nave  cnerp).  It  I* 
shown  m  the  teat  that  these  regions  arc  nutnvncally  very  comment  with  the  expected  l‘i  2  periods  at  derived  from  our 
model  Alov,  the  lenpthenmp  id  the  I'i  2  period  v»tth  successive  onvett  it  consistent  vvtth  the  poleward  cs pan won  of  ihe 
vurpe  .u  predicted  by  the  model. 


at  2145  UT.  Theie  stations  are  separated  in  both  latitude  and 
longitude,  which  complicates  the  determination  of  the  velocity 
components.  The  second  reason  is  that  (he  third  onset  is  much 
less  intense  than  the  previous  two  onsets  according  to  the 
riometer  data.  This  implies  from  our  model  (see  (3c))  that  the 
measured  poleward  velocity  could  be  much  less  than  the  I*, 
parameter  needed  to  estimate  the  associated  Pi  2  period.  We 
tind  that  the  measured  poleward  velocity  is  approximately 
equal  to  0.23  knvs  and  the  westward  velocity  is  2  3  km/s. 
where  the  spread  is  due  to  whether  one  works  in  geographic 
or  magnetic  coordinates.  We  therefore  assume  for  the  third 
onset  that  the  precipitation  energy  is  tiic  same  inside  the  surge 
as  on  the  poleward  boundary  and  as  during  the  previous  two 
onsets.  According  to  this  scenario  the  surge  moves  because  of 
an  enhancement  of  the  boundary  precipitation  flux  of  a  few 
percent  over  the  precipitation  flux  inside  the  surge.  The  old 
value  of  4.4  km/s  for  I  j,  will  therefore  be  used. 

The  north-south  extent  of  the  surge  during  the  third  onset  is 
ah»»  difficult  to  quantify  because  of  the  spatial  separation  of 
the  stations.  On  the  basis  of  Figure  3  of  Timsktmen  el  al. 
[19X7]  wc  estimate  the  surge  to  he  between  Ivalo  (/. "  5.7) 
and  Rjornoya  (l.  =  9.4),  which  gives  a  distance  of  6X9  km. 
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This  implies  a  Pi  2  period  of  312  x.  which  is  still  comparable 
to  the  measured  value  of  roughly  190  ±30  x  seen  12  min  after 
onset  in  Figure  9.  The  important  thing  to  note  from  Figure  9 
is  the  definite  lengthening  of  the  Pi  2  period  as  the  surge 
expand*  poleward.  This  effect  is  predicted  by  the  present 
model,  as  the  |verlod  of  the  fastest  growing  mode  is  pro¬ 
portional  to  /.,. 

The  model  can  lie  used  to  extract  other  important  infor¬ 
mation  about  the  onsets  using  this  important  data  set.  From 
the  vulue  of  I’*  of  4.4  km/s  und  noting  that  the  measured 
value  of  was  approximately  20  mV/m  during  the  first  two 
onsets,  we  use  (3u)  to  estimate  the  precipitating  electron 
energy  that  is  responsible  for  (he  surge  movement  as  being  1.7 
keV.  (Note  that  Qll  «•  5t' J  ions  per  incident  electron  (see 
paper  I),  where  e  is  the  precipitating  energy.)  Using  the  direc¬ 
tion  of  the  surge  motion,  one  can  also  estimate  the  magnitude 
of  the  north-south  polarization  electric  field  inside  the  surge. 
(Tlu  measured  value  of  the  north-south  electric  field  compo¬ 
nent  is  25  mV/m.  which  includes  the  convection  electric  field 

''ich  may  dominate.)  Equation  (12)  of  paper  I  can  be  rewril- 
k  $ 


tan  •/,  -  (R  —  Er,E0)/(t  +  REr/F.0 ) 


(7) 


Romwui  u  au;  m  Wu»wa*i>  Txavhjno  Stmc* 


when  r.  k  <bc  angle  of  (be  surge  motion  relative  lo  west,  X  it 
Ibc  ratio  of  (be  height-integrated  Hall  to  Pedersen  conduc- 
tMtie*.  and  Ef  (which  it  positive,  pointing  tomb)  fat  the  polar* 
italkw  electric  Held.  (The  relation  F.f  »  £#X(l  -  a)  bat  been 

IMwi  |m  rWtwUo  CmialUw  CSSi  bi  2t 

c,/ir*  -  <x- tan  y,w  + *«•«•/,)  (i) 

Cmfe  [IM2]  baa  noted  that  X  ordinarily  range*  between  I 
and  4.  with  tome  rare  caeca  in  which  X  fat  treater  than  4.  It  St 
abo  noted  that  X  tend*  to  decrcatc  with  enhanced  subttorm 
activity  and  widening  of  the  ciecirojet.  Uting  (I),  it  it  (bund 
that  for  the  first  ontet,  -2,2  mV/m  (X  »  I)  <  E,  <  +.11 
mV/m  (X  m  4),  which  it  consistent  with  full  cloture  of  the 
poleward  Hall  current  into  the  magnetosphere.  (A  value  of 
175  wat  uaed  for  tan  y,.)Tbe  tecond  ontet  it  like  the  Ant,  and 
the  third  it  too  complex  to  be  treated  here. 

We  conclude  therefore  that  the  three  ontet*  ditcuttcd  are 
oontitteni  with  our  model.  Not  only  it  there  quantitative 
agreement  with  (be  predicted  Pi  2  period*,  but  the  obterved 
lime  delay  for  the  Pi  2  pu Station*  to  approach  a  monochro¬ 
matic  signal  it  compatible  with  a  frequency-dependent  decay 
time,  at  derived  above  In  particular,  the  predicted  tcaling  of 
the  Pi  2  period*  with  the  turge  site  and  pokward  velocities 
teem*  convincing.  The  model  may  also  be  useful  as  a  tool  in 
separating  out  the  polarisation  and  convection  electric  Acids. 

6.  DttCUSMON 

Wc  have  presented  a  unified  model  for  the  motion  of  the 
westward  traveling  surge  and  the  generation  of  Pi  2  pulsation* 
during  substorm  onsets.  Using  the  Inhcstcr-Baumjohann 
ionospheric  current  system  shown  in  Figure  I,  it  was  shown 
that  the  aero-order  electron  precipitation  current  (dc)  con¬ 
trolled  the  surge  motion.  The  dynamics  of  the  surge  boundary 
was  found  Air  a  constant  conductivity  proAle,  which  led  to  a 
constant  value  of  the  boundary  propagation  speed  I*.  This 
value  is  assumed  to  give  a  reasonable  estimate  of  the  initial 
surge  velocity,  which  in  a  more  realistic  treatment  must  be 
lime  dependent,  as  the  conductivity  profile  evolves  in  time. 
The  first-order  equations  led  to  dispersion  equations  in  the  Pi 
2  frequency  range.  The  present  Pi  2  model  was  determined  to 
he  valid  between  surge  jumps  when  the  surge  was  considered 
quasi-slat  ionary  or  when  the  surge  moved  sufficiently  slowly. 
During  jumps  it  is  suggested  that  a  nonlinear  theory  such  as 
that  of  l.ysuk  [1986]  is  more  realistic,  since  it  predicts  the 
presence  of  PiB  pulsations,  which  have  been  observed  by  O/ve- 
noorih  tl  of.  [1980]  and  Hosier  ft  ul  [1981]. 

The  present  model  leads  in  a  natural  way  to  using  the  re¬ 
sults  of  Fridman  and  Lemu/rr  [1980]  and  Fdlthummar  [1978] 
in  determining  the  dc  precipitation  current,  which  plays  a 
major  role  in  damping  the  Pi  2  pulsations.  The  physical  re¬ 
quirement  that  the  Pi  2  pulsation  be  dampled  puts  a  lower 
bound  on  the  ratio  of  the  north-south  surge  dimension  and 
the  closure  parameter  a.  This  bound  depends  on  the  electron 
temperature  anisotropy  in  the  plasma  sheet  and  plays  a  cru¬ 
cial  role  ir,  determining  the  direction  of  surge  motion.  Grow- 
ing  models  were  found  to  be  quenched  by  the  poleward  ex¬ 
pansion  of  the  surge. 

Now  because  of  the  dispersive  nature  of  the  Pi  2  pulsation, 
its  frequency  composition  changes  with  time.  The  time  profile 
of  the  pulsation  also  is  very  sensitive  to  the  initial  conditions. 
If  all  the  modes  are  excited  at  exactly  the  same  time  (i.e.,  the 
same  phase),  then  the  time  profile  is  that  of  a  highly  damped 


wave  followed  by  periodic  sinusoidal  burst*.  Even  a  small 
admixture  of  phases  at  r  =  0.  however,  will  cause  the  pulse  to 
exhibit  nonsinusoidal  behavior  just  after  onset  which  evolves 
into  sinusoidal  behavior  several  minutes  later.  This  effect  ap- 

pwwni  *«•  he  reels  ee  «*%*•*•  hijere  ?  5m*  unwmptvi 

the  AFGL  magnetometer  data  (paper  2). 

Three  onsets  that  were  observed  on  June  23.  1979.  were 
compared  with  the  model.  It  was  found  that  the  poleward 
surge  velocities  and  the  estimated  north-south  surge  dimen¬ 
sions  led  to  predicted  Pi  2  pulsation  periods  that  were  consis¬ 
tent  with  the  measured  values.  The  period  of  the  observed  Pi  2 
pulsations  became  longer  as  the  surge  expanded,  which  I*  con¬ 
sistent  with  the  model.  It  was  also  shown  how  the  model 
might  be  used  as  a  tool  In  determining  the  polarization  elec¬ 
tric  Held  in  the  presence  of  a  strong  convection  electric  field, 

Let  us  now  consider  a  scenario  for  auroral  breakup  based 
on  the  present  model.  Initially,  an  incipient  surge  region  of  a 
lew  tens  of  kilometers  forms  near  local  midnight  [dkast/u, 
1974],  It  consists  of  an  enhanced  ionization  region  in  the 
ionosphere  that  contains  the  current  system  shown  in  Figure 
I.  Now  if  the  ionization  rate  at  the  surge's  pyleward  boundary 
is  equal  to  the  ionization  rate  in  the  surge  interior,  the  surge  i* 
stationary  [Xorhwef/  er  tiL  1988].  If  the  rate  at  the  boundary 
is  greater,  then  the  surge  moves  poleward. 

It  is  interesting  to  compare  the  present  model  with  the  ex¬ 
perimental  observation*  of  substorm  breakup  described  by 
AJum/m  [1974,  p.  647]. 

The  first  indication  of  a  substorm  i*  a  sudden  brightening  of 
one  of  the  quiet  arcs  (diwrelc  auroras)  l)ing  in  the  midnight 
sector  or  the  sudden  formation  of  an  arc  in  that  region.  A  typical 
suhstor m  develop*  when  this  arc  I*  loealed  near  the  cquaiorward 
boundary  of  the  bell  of  discrete  auroras,  but  near  ihc  poleward 
boundary  of  ihe  belt  of  diflioe  auroras.  In  mo*t  case*,  the  bright¬ 
ening  of  an  arc  ssr  Ihe  formailon  id  an  arc  f«  followed  h)  it*  rapid 
poleward  morion.  rc«ulting  in  an  ’auroral  bulge*  around  the  mid¬ 
night  sector.  The  so-called  ’break-up'  occurs  in  the  bulge,  a  quiet 
curtain-like  form  appear*  to  be  diwupird  and  *catiered  user  the 
>k>. 

In  terms  of  our  model  and  Akasofu's  observations,  auroral 
breakup  occur*  when  an  Inhesicr-Haumjohann  type  iono¬ 
spheric  current  system  form*  near  the  poleward  boundary  of 
the  diffuse  aurora.  The  poleward  Hull  current  in  this  embry¬ 
onic  system  is  closed  olf  into  the  magnetosphere  through  the 
formation  of  the  arc  described  by  Akasofu. 

If  u  field-aligned  potential  drop  should  switch  on  over  the 
poleward  boundary,  the  arc  there  would  brighten  and  move 
poleward  with  a  speed  proportional  to  the  magnitude  of  the 
potential  drop  (see  papers  I  and  2  and  Rolhwtll  er  of.  [1988]). 
The  boundary  motion  excites  standing  ionospheric  waves  in 
the  surge  interior  which  have  phase  velocities  which  are  deter¬ 
mined  by  the  initial  boundary  speed.  Because  of  their  long 
wuvelengths  (-  ICO  kin)  these  ionospheric  waves  could  be  dif¬ 
ficult  to  detect  owing  to  the  turbulent  nature  of  the  ionosphere 
over  much  smaller  distances.  If  the  associated  frequencies  of 
the  ionospheric  waves  are  greater  than  or  equal  to  the  fre¬ 
quency  of  the  fundamental  toroidal  mode  of  the  attached  field 
line  [Slngtr  ft  «/.,  1981],  then  a  resonance  can  occur  through 
the  feedback  instability. 

The  resonance  is  considered  lo  be  damped  by  electron-ion 
recombination  in  Ihe  ionosphere.  Now  the  precipitating  flux, 
which  causes  the  damping,  is  a  function  of  the  electron  tem¬ 
perature  asymmetry  in  the  plasma  sheet  [ Fridman  and  l.f 
malre,  1980],  If  this  flux  is  insufficient  to  fully  dose  oil'  the 
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pokward  Mall  current  In  (he  ionosphere,  then  the  a  parameter 
K  less  than  I  This  mesne  that  the  surge  will  move  predomi- 
nantly  westward  (paper  I)  and  the  coincident  Pi  2  pulsations 
will  he  strongly  damped,  (For  a  given  surge  sl/c.  If  a  is  less 
than  I.  it  is  more  probable  that  the  threshold  criterion  for 
damping  is  met.i  A  vaiuc  of  a  ices  than  t  implies  weaker 
precipitation,  which  for  a  given  field-aligned  potential  drop 
implies  enhanced  perpendicular  electron  heating  in  the  plasma 
sheet  uwnrdmg  to  the  model  of  hrulnuin  mid  Ummre  f  1980} 
Perpendicular  electron  healing  in  the  plasma  sheet  would 
therefore  cause  predominantly  westward  surgs  motion  and 
strongly  darr.pled  Pi  2  pulsations.  On  the  other  hand,  parallel 
electron  heating  in  the  plasma  sheet  u  greater  than  or  equal 
to  l|  would  cause  predominantly  poleward  motion  mid.  possi¬ 
bly.  the  momentary  presence  of  growing  Pi  2  pulsations  As 
mentioned  above,  ihc  poleward  expansion  of  the  surge  limits 
the  amplitude  of  the  pulsations  when  the  damping  threshold  is 
reached, 

Therefore  according  to  the  present  model  the  suhstorm  is 
associated  with  enhanced  precipitation,  poleward  surge 
motion,  and  the  generation  of  finite  amplitude  Pi  2  pulsations. 
All  these  effects  are  eommon  features  associated  with  sub¬ 
storms  and.  as  shown,  may  be  caused  by  preferential  electron 
heating  in  the  plasma  sheet  parallel  to  the  magnetic  field, 

While  the  present  model  appears  to  be  very  successful  in 
explaining  a  variety  of  observations  during  subsiorm  onsets,  it 
is  by  no  means  all-inclusive.  It  is  still  a  linear  approximation 
to  a  highly  nonlinear  problem  where  the  nonlinear  effects  ap¬ 
parently  arc  strongly  damped  oxer  relatively  short  time  scales. 
We  have  not  addressed,  for  example,  how  the  initial  Alfvin 
wave  transmits  the  information  about  the  short  circuiting  of 
the  tail  current  between  the  magnetosphere  and  the  iono¬ 
sphere  during  the  creation  of  the  suhstorm  current  wedge 
f  Raumlahmm  mu  I  Ghnmntr,  19841,  nor  liaxc  we  touched 
upor  the  possibility  of  the  Alfven  waves  creating  a  field- 
aligned  polcnlial  drop  through  turbulence  [/.v.vnfc  mul  Dum, 
198,4.  I.wnti.  1985],  Moreover,  a  more  realistic  treatment  of 
AlfvCn  wave  propagation  in  the  magnetosphere  and  olimtc 
losses  in  the  ionosphere  [Goerrr  and  Howell,  1979]  is  needed. 
Finally,  there  may  be  more  than  one  source  of  Pi  2  pulsations. 
Edwin  et  at.  [1986],  for  example,  suggest  that  Pi  2  pulsations 
arise  from  an  impulsive  source  of  MIID  wave  energy  in  the 
plasma  sheet.  The  fast  magnetoacoustic  waves  that  arc  pro¬ 
duce!  propagate  dispersively  through  the  plasma  sheet,  which 
gives  rise  to  finite  Pi  2  type  wave  packets  nearer  the  Earth, 

It  is  dear  that  an  important  future  consideration  would 
involve  placing  the  mechanisms  developed  here  into  a  more 
global  framework.  In  this  mgard  it  should  be  mentioned  that 
7.hu  and  Kan  [1987]  have  combined  the  temporal  propaga¬ 
tion  mechanisms  of  paper  1  with  the  global  assumption  of  the 
closure  parameter  developed  by  Kan  el  at.  [1984]  and  Kan 
and  Kamide  [1985].  Moreover,  Kan  and  Sun  [1985]  have  de¬ 
scribed  a  global  model  for  simulating  the  westward  surge  and 
Pi  2  pulsations,  In  this  model  they  combine  steady  state  as¬ 
sumptions  inherent  in  the  work  of  Kan  amt  Kamide  [1985] 
with  a  description  of  Alfven  waves  bouncing  between  a  mag- 
nctosphcric  source  and  the  ionosphere.  Their  procedure  re¬ 
sults  in  a  temporal  scheme  involving  the  discrete  bouncing  of 
die  Alfven  waves  into  the  ionosphere  and  ihc  generation  or 
"sleplikc"  Pi  2  waveforms.  Note  that  in  both  works  the  iono¬ 
sphere  plays  an  active  role  and  is  a  source  of  Pi  2  pulsations. 
In  the  present  work  a  feedback  instability  is  (he  driving  mech¬ 
anism.  while  in  the  wori.  of  Kan  and  Sun  [1985]  a  feedback 


instability  was  not  included  Multipoint  measurements  ate 
necessary  in  order  to  determine  which  of  these  models  me 
correct  under  dilfercnt  substorm  conditions. 
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Comparison  of  our  model  predictions  for  Pi  2  periods  with 
data  requires  Knowledge  of  die  precipitation  energy  ami  dux 
both  mi  Ihc  poleward  boundary  ami  in  the  surge  interior.  This 
would  allow  a  direct  calculation  of  l’„.  Since  this  Information 
vv a  not  available,  it  was  necessary  to  assume  that  the  mea¬ 
sured  vvloenv  I  of  the  poleward  boundary  was  equal  to  l*„ 
Now  (M  implies  lliat  I  »  l'„  only  when  die  ionization  rale 
along  the  poleward  boundary  is  much  greater  than  the  ioniza¬ 
tion  rale  m  the  surge  interior  From  (Ju)  we  sec  lhat  I’,  ••  F,„ 
only  if  die  electron  precipitation  energy  in  the  surge  interior  is 
equal  to  the  precipitation  energy  on  the  surge  boundary.  We 
assume  that  this  latter  condition  is  satisfied  during  the  onsets 
considered  ami  develop  a  model  to  ascertain  the  validity  of 
assuming  R,  *-  Now  enhanced  precipitation  on  Ihc  pole¬ 
ward  houml.iry  implies  a  depletion  of  die  plasma  associated 
with  attached  llux  limes  [Mikln.smt,  1984],  Therefore  as  the 
plasma  convccts  earthward  through  the  surge  interior,  it  is  a 
weaker  source  of  precipitation  than  it  is  on  the  boundary,  and 
I  t  t  ,,from(.V). 

We  now  make  a  very  simple  model  that  illustrate*  the 
physical  concepts  involved.  It  will  lie  shown  that  for  reason¬ 
able  suhstorm  values  of  precipitation  current  (-10  /iA/m*) 
along  the  poleward  iMUimlary  the  prrcipilaiion  flux  in  Ihc 
surge  interior  will  be  sufficiently  smali  that  f  >  I* ,  from  (,V). 
This  will  validate  our  assumptions.  Consider  the  equatorial 
plane  and  a  plasma  with  a  number  density  Nr,  *»  0.3  cin  * 
convccting  toward  the  I'arlli  at  a  speed  I;  *  50  km/s  |  llntmn 
mul  Irani.  19861,  fins  plasma  is  estimated  to  conliihute  to 
the  electron  precipitation  dux  over  a  field  line  length  of  ap¬ 
proximately  I.Rr  3.  where  /.  is  Ihc  I.  shell  on  which  Ihc  pre¬ 
cipitation  lake*  place  and  Kr  -  6.37  x  10*  in.  Therefore  die 
total  particle  llux  which  is  available  for  precipitation  is 
where  is  the  cast-west  extent  of  the  surge 
region  us  seen  in  the  equatorial  plane.  This  flux  is  assumed  to 
be  totully  depleted  by  precipitation  along  the  surge’s  poleward 
boundary  and  in  (he  surge  interior.  The  total  electron  llux 
precipitated  along  the  boundary  is  given  M,K*  ■" 

the  interior  by  Here  is  the  extent  of  the  con¬ 

ductivity  gradient  along  the  poleward  surge  boundary  (as  seen 
til  the  equator),  and  is  the  north-south  extent  of  surge  (also 
us  seen  at  dm  equator).  Now  particle  (lux  conservation  along 
•he  field  line  implies /„*/»,/.,, 

where  die  quantities  without  the  subscript  e  arc  defined  ut  the 
ionosphere. 

By  equaling  the  total  inward  convccting  flux  to  the  flux  ut 
the  poleward  boundary  plus  that  in  the  surge  interior  and 
using  flux  conservation  along  Ihc  magnetic  field  lines  we  final¬ 
ly  have  an  expression  for ;n>: 


■hi*  ’ 


eNVRcl?'* 


A/m* 


(Al) 


where  die  azimuthal  scaling  factor  for  a  dipole  field  - 
l.yl  [ Loiko  el  at..  1987])  lias  been  used.  Now  if  we  make  die 
reasonable  assumption  dial  /.k  =  20  km  and  that  L  =  6  and 
/.,  -  280  km.  which  corresponds  to  Ihc  first  two  onsets  of  June 
23. 1979,  then  (Al)  cun  be  rewritten  using  the  numerical  values 
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lit*.  215  JMj,,.  I|  |iA.mJ  (A2I 

Now  from  (.V)  ihe  Mbyte  It  stationary  if  the  current  ratio  is. 
espial  to  I  Tltis  ct*rrc'|vmls  to  a  houmlary  precipitation  cur* 
rent  density  of  1,5  /i A/m1,  l  or  I  '  Ij,  the  current  ratio  must 
he  approximately  0.1  or  levs.  'I  his  implies  from  (A2|  that  /„» 
-should  lie  between  9.4  and  215  jrA/m1.  which  is  easily  real* 
wed.  We  therefore  conclude,  on  tltc  basis  of  this  scry  simple 
convection  model,  that  the  assumptions  usol  to  anat>7e  the 
.Scandinavian  data  were  reasonable  and  appropriate. 
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A  tmwM  K  doefoped  that  Kbks  ibe  p«>k«td  W*p«  of  ibe  *rn*anl  iravtbwg  sutge  tWlSl  aM  ik 
g*w*r»limi  »<  Pi  2  pukaliOAv  Ik  fosdbiwk  UwAabdily  doekqwd  by  Sato  md  s««wl«»  t>  tt-mbwwd 
»ttb  tk  dynamic  wtft  model  id  Rethtofl  et  id.  Iltfri.  We  IW  ikl  our  prokwis  result*  on  ik  motto* 
id  ?k  WTS  »»c  itLicd  jo  ik  zero-order  term*  is  Ik  Saw  forimtUifow.  The  It  seamed  Am-ordcr  kiwi 
pw  ii<*  jo  a  (frspetwOft  id  jiios  with  wdullCWi  is  Ik  Pi  2  frequency  range.  Tk  /lb  frequency. H  found 
lo  be  mined  on  in  integer  multiple*  id  onc-ktf  tk  Aifren  bounce  frequency  between  ik  tono-fbett  and 
ik  plasma  xbeet.  Moo  Important,  boutiti.  i»  ibat  Ik  /tb  frequency  i*  tinned  on  only  when  ik 
preopiiaiing  ekwiim  energy  «wn«d»  a  certain  value  A*  petvioudy  shown.  Ik  velocity  id  Ik  polew*;-.} 
surge  boundary  slut  mc<ea*es  ukn  Ik  enetgy  of  Ik  peevif'MiMf  electron*  l*  enhanced  Tbetefore  ik 
poleward  leap  of  ik  surge  during  substorm  onset*  is  accompanied  by  ik  generation  of  higher  Pi  2 
frequency  components,  Ik  lime  evolution  id  ik  compodtc  Pi  2  put*  ti  obtained  uong  Ik  calculated 
decay  tales,  and  agteeroenl  with  date  M  >bo»n, 


iNnmomws 

A  leccnl  review  of  Pi  2  pulsations  ami  substorm  onset*  has 
been  given  by  BmtmfaAann  and  Cthssmeler  [1984],  On  tk 
bask  of  previous  work  by  Rwioker  and  Samson  [1981]  ami 
Samam  and  Rmioker  [1983]  ikic  Is  ekarly  an  observed  re¬ 
lationship  between  Ik  westward  traveling  surge  (WTSl  and 
tk  generation  id  Pi  2  pulsations  during  subsiorm  onsets.  In 
particular,  ik  WTS  marks  ik  longiiudinal  transition  from 
tk  cquatorward  to  pokward  Pi  2  A  poleward  Pi  2  exists 
within  tk  surge  kad  and  to  tk  east.  An  cquatorward  Pi  2 
predominates  cquatorward  and  to  tk  west  of  tk  surge  [Roj- 
ndcr  imJ  Samson,  1981],  Tk  maximum  intensities  of  tk  Pi  2 
pulsations  were  found  along  tk  cquatorward  boundaries  of 
tk  ekctrojctt.  This  led  Rostoker  and  Samson  [1981]  and 
Sam.vm  and  Rmioker  [1983]  to  suggest  that  tk  resonance 
region  id  tk  Pi  2  pulsations  is  hwnli/ed  within  the  surge 
region  ami  is  constrained  lo  remain  on  dosed  kid  lutes  Km- 
Inker  and  Samson  [1981]  also  suggest  that  tk  ilarang  dis¬ 
continuity  is  tk  energy  source  region  for  the  Pi  2.  i'nmiun  and 
llurrold  [1983],  using  tk  University  of  Alberta  magnetometer 
chain,  found  that  within  the  WTS  the  Pi  2  polarization  pat¬ 
terns  urc  clockwise  (CW)  as  viewed  downward.  On  the  other 
hand.  Uster  ei  at,  [1984]  found  with  the  mid-latitude  Air 
l-’orce  Gcophysicr,  Laboratory  (AI-'GL)  chain,  at  the  same  lon¬ 
gitude  but  cquatorward.  that  tk  polarization  cllipticity  is  pre¬ 
dominantly  counterclockwise  (CCl.  These  results  arc  consis¬ 
tent  with  the  fact  that  cquatorward  and  poleward  of  the  WTS 
the  polarizations  arc  counterclockwise  while  far  to  the  cast 
and  west  of  the  WTS  they  are  CW.  The  Pi  2  polarizations 
relative  to  the  WTS  are  therefore  quite  complex. 
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Causes  of  tk  observed  east-west  north-south  transition*  in 
tk  Pi  2  polarizations  are  an  open  question,  According  to 
Puxfri n  el  at.  [1982],  tk  Pi  2  current  system  is  primarily  lo¬ 
cated  in  tk  upward  current  at  tk  surge  kad.  and  tk  west¬ 
ward  movement  of  tk  surge  causes  linearly  polarized  Alfven 
waves  to  appear  cllipticall)  polarized  on  tk  ground,  Samson 
[1982].  on  tk  other  hand,  explains  tk  observed  polarization 
patterns  in  terms  of  a  longiiudinal  distribution  oif  oscillating 
current  skets,  Uster  el  id  [1983.  I9M]  interpret  tk  mid- 
latitude  Pi  2  pulsations  as  arising  from  the  kid-aligned  cur¬ 
rents  that  form  tk  substorm  current  wedge.  FdlU  and  S*mh- 
w ood  [1983]  have  examined  the  reflection  of  Alfven  wave* 
from  ionospheres  with  a  discontinuity  in  cither  the  Hall  or  Ik 
Pedersen  conductivity  The  reflection  properties  of  the  Alfvin 
wave  depend  mu  only  on  the  discontinuity  type  but  also  on 
the  orientation  of  ik  ii widen!  electric  field  vector  In  two  of 
the  fom  eases  studied,  ihc  held  aligned  ciiricnt  sheets  act  as 
subsidiary  surface  wave*  ccnteied  on  the  field  lines  connected 
to  the  discontinuity  The  subsidiary  waves  are  circularly  polar¬ 
ized  and  suppress  any  net  flow  of  Hall  curtent  across  tk 
discontinuity  ( tkissmeier  [1984]  has  extended  the  work  of 
lillis  and  Soulhwood  to  include  arbitrary  distributions  in  the 
height-integrated  conductivity.  Recently,  i'ow/mooJ  and 
Ituijhes  [1985]  have  suggested  that  two  oppositely  traveling 
cast-west  surface  waves  parallel  to  the  conductivity  gradients 
could  give  a  combined  signal  that  reproduces  many  of  tk 
observed  features  of  the  Pi  2  pulsations.  An  impotiam  unre¬ 
solved  question  is  tk  relation  of  the  Pi  2  current  system  to  the 
overall  current  system  that  forms  the  substorm  current  wedge 
It  is  assumed  that  the  initial  diversion  of  ihe  cross-tail  cur¬ 
rent  is  carried  by  a  transverse  Alfven  wave  [tiaumjohunn  and 
Gltissmeier,  1984],  The  subsequent  reflection  of  tk  wave  [A/a- 
llinekrtkli  and  Carlson,  1978;  iS'isluda,  1979;  Kan  ei  of..  1982] 
kiween  the  conjugate  ionospheres  and  the  triggering  of  sec¬ 
ondary  Alfven  waves  in  the  ionosphere  [Maltsee  ei  u/„  1974; 
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Turn**  and  .Urn «z.  1982]  Kith  contribute  to  I  he  Pi  2  pulauoti 
lime  profile  Ai  pointed  itul  hy  Haam/idnimt  and  fttavunelrr 
[1984].  «  t»  impc-unt  lo  Heal  the  lottmpbcte  as  so  seme 
pan  of  i he  tonospbcrc-magnctotphcrtc  coupling  rather  than 
ju<(  a  reflecting  KninJary 

The  purpose  of  (hit  paper « to  relate  l»i  2  pulsations  lo  the 
dynamics  of  the  westward  traveling  surge  (Wf.Sl  A  dynamical 
surge  model  ha*  been  developed  hy  K «rW/  er  of  [1984] 
using  I  he  Inhntcr-Ksumjohatm  {/nAewer  ef  of,  1981;  faumjm 
km*.  198)]  representation.  Here  the  feed  hack  instability 
analysis  [Sara  and  Hotter.  197);  Hik.  r  t tod  Sum.  1971;  Sam. 
1982]  is  applied  to  the  Inhcster-Bauffijohann  model  of  the 
WTS  used  by  Mot hnrtl  er  at.  [IW],  hercinafitr  called  paper 
I.  The  equations  are  linearized  in  the  standard  fashion,  and  tt 
is  shown  that  the  zero-order  terms  recover  the  poleward 
motion  of  the  surge  boundary  as  derived  in  paper  I  The 
flrst-order  terms  give  rise  to  a  dispersion  relation  for  the 
hack  instability.  This  relation  is  solved  for  the  allar<cd  fre¬ 
quencies  and  their  associated  growth  rates.  It  is  found  ihat  the 
number  of  frequencies  generated  is  related  to  the  speed  of  the 
WTS  boundaries.  The  resulting  composite  pulse  shapes  are 
shown  to  be  very  similar  to  those  measured  by  Sirnttr  ef  oL 
[1983]  at  mid-latitudes.  T?ic  physical  picture  presented  is  that 
the  initial  precipitation  etused  by  the  onset  in  the  magnetotai! 
triggers  the  feedback  inliabiiiiy  in  the  coupled  ionosphere- 
magnetosphere  system,  thereby  producing  Pi  2  pulsations 
[BMtmjttkann  and  Cltusmtltr,  1984],  In  the  neat  section  wc 
relate  the  feedback  instability  to  the  Inhestcr-Baumjohann 
WTS  model. 

Tm:  Isiuana-BAUwwttASs  Mootx  aso 
Tin:  FruMtACK  IssrAtuurv 

The  Inhester-Raumjohann  model  is  shown  in  Figure  I.  A 
uniform  westward  electric  field  £0  produces  a  northward  Hall 
current  that  closes  into  the  magnetosphere  via  field-aligned 
currents  along  the  poleward  surge  boundary.  If  the  precipi¬ 
tation  is  insufficient  to  close  off  this  Hall  current,  then  an 
effective  ywlarization  charge  builds  up  along  the  conductivity 
gradient,  producing  a  southward  directed  electric  field.  This 
electric  held  creates  a  southward  Pedersen  current  opposite  to 
the  original  Hall  current  and  a  westward  Hall  current  that 
adds  to  the  original  westward  Pedersen  current  driven  by  E0. 

As  noted  above,  the  Pi  2  current  system  and  the  substorm 
current  system  inside  the  wedge  are  not  el  ways  the  same.  In 
this  paper  we  initially  assume  that  both  current  systems  are 
colocated,  which  is  true  approximately  65%  of  the  time 
[Ijester  tt  at.,  1983]. 

The  feedback  instability  [Ogawa  and  Sato,  1971;  Sato  and 
lloktr.  1973]  has  its  foundation  in  earlier  work  by  Atkinson 


[19^3],  The  feedback  instability  was  originally  developed  for 
the  quiet  arc.  which  has  a  much  larger  extension  in  the  cast- 
west  direction  than  in  the  north-south  direction,  similar  to  the 
surge  region.  A  downward  field-aligned  current  on  the  cqua- 
torward  edge  of  the  ate  dines  via  s*  northward  Pedersen  cur¬ 
rent  to  an  upward  (kid-aligned  current  on  (he  poleward 
boundary  According  to  .4iUn*-m  [1970]  a  local  ionospheric 
conductivity  enhancement  causes  a  foeal  decrease  of  the  dec- 
UK  field,  The  resulting  divergence  of  the  magnctoxpheric  po¬ 
larization  currents  produces  precipitation  that  increases  the 
original  conductivity  enhancement.  If  one  visualizes  a  north- 
south  ionospheric  wave  in  the  model  in  Ftgur  ',  then  one  will 
have  periodic  conductivity  enhancements  which  could  lead  to 
multiple  arcs.  The  analysis  for  the  quiet  arcs  as  given  hy  Sam 
and  Hotter  [1973]  and  Hotter  and  Sato  [1973]  is  similar  to 
the  analysis  presented  here  In  their  analysis,  aetive  and  pas- 
*iie  ionospheric  regions  arc  conjugate))'  connected  by  the 
same  field  line.  The  aetive  ionosphere  acts  as  an  ac  generator 
which  produces  an  Alfvcn  wave  that  is  damped  in  the  passive 
ionosphere  Sam  [1978,  1982)  dispensed  with  the  conjugate!)' 
connected  active  and  passive  ionospheres  and  required  that 
the  Alfvcn  waves  reflect  upon  reaching  the  equatorial  plane. 
Sato  [  1978]  also  notes  that  the  theory  of  quiet  arcs  must  he 
self-consistent  with  the  presence  of  a  westward  electric  field. 
This  is  also  a  feature  of  the  W"  *  as  seen  in  Figute  I . 

’the  feedback  instability  works  because  electrons  tend  to 
flow  toward  the  positive  part  of  the  potential  perturbation 
along  the  field  lines.  live  inductive  reactance  of  the  mag¬ 
netosphere.  however,  causes  a  phase  lag  in  the  precipitation 
such  mat  it  adds  to  the  original  ionization  enhancement,  caus¬ 
ing  the  instability  to  grow.  Should  the  magnetosphere  have  a 
eapaettativc  reactance,  then  the  precipitating  electron  flux  co¬ 
incides  with  t tie  valley  or  the  density  '^tribution.  am)  the 
perturbation  decays.  The  magnetosphere  must  have  an  induc¬ 
tive  response  for  the  feedback  instability  to  occur.  By  induc¬ 
tive  and  capzcitative  reaetance  we  refer  to  the  effective  termi¬ 
nated  transmission  line  impedance  for  Alfvcn  waves  along  the 
magnetic  field  lines  [Sum,  1982],  This  work  has  been  extended 
by  SI  turn  and  Sam  [1980]  to  the  global  formation  of  multiple 
auroral  arcs. 

Taman  und  Miuru  [1982],  Mlura  tl  ul.  [1982],  and  Taman 
[1984]  considered  a  nonuniform  magnetosphere  coupling  to 
the  ionosphere.  Negative  Joule  dissipation  in  the  ionosphere  is 
accompanied  by  a  growing  oscillation  and  an  outflowing 
Poynltng  flux  from  the  ionosphere.  Damped  oscillations  occur 
when  energy  is  supplied  from  the  magnetosphere  to  the  iono¬ 
sphere.  A  large-scale  uniform  electric  field  in  the  ionosphere  is 
required  to  drive  the  growing  instability. 

In  the  present  work  the  generation  of  Pi  2  pulsations  is 
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vootiwmi  as  MIows.  The  injection  »>f  Hot  electrons  from  the 
pfcMna  sheet  during  a  substorm  onset  initiates  the  feedback 
instability  in  the  ionosphere* magnet o*pp*tt  system.  This  as* 
sumptfem  is  hoed  on  the  satellite  observations  of  IMu *ti  mJ 
WeMbrriui  [I98J]  that  *.hc  Pi  2  hurst  is  superimposed  on  a  dc 
shift  in  the  uzrmuthz.l  component  of  the  magnetic  held  which 
k  caused  hy  hetd-aKgned  currents,  Prom  their  Figure  18  the 
Pi  2  occurs  at  the  beginning  of  the  dc  shift.  The  parallel  (pre¬ 
cipitating  I  current  Is  therefore  considered  to  be  decomposable 
into  ae  and  dc  components  The  dc  component  is  the  primary 
injection  from  the  distant  magnctotail,  and  the  ae  component 
arises  fnun  the  initial  injection  transient  and  the  feedback 
instability,  It  will  be  shown  below  that  the  number  of  modes 
‘.bit  are  stimulated  ts  dependent  on  the  energy  of  the  zero- 
order  precipitation.  It  l<  atgucvl  that  the  feedback  instability 
docs  not  reach  the  nonlinear  stage  crammed  hy  ,%sro  [1978] 
and  .Uluru  er  id,  [1982]  since  the  flux  associated  with  /.(dc) 
raises  the  kmi/alion  kvel  within  a  lime  n  where  n, 

k  the  electron-ion  recombination  rate  and  .V„  is  the  zero* 
order  ion  density.  After  this  time,  eketron-km  recombination 
dominates,  and  the  composite  pulsation  decays. 

Kim  er  id.  [1982]  consider  the  Pi  2  wave  form  to  atise  from 
the  superposition  of  the  reflected  and  Incident  Alfvin  waves 
impinging  on  a  passive  ionosphere  They  neglect  polarization 
and  Hall  current  effects.  Here,  on  the  other  hand,  we  consider 
the  natural  modes  arising  from  a  xlf-consistcnt  ionosphere- 
magnetosphere  interaction  (t.e_  the  feedback  instability). 

fouMuwrwN  tit  istt:  Motrtt, 

In  paper  I  [Kmhwtll  <tt  ul „  1984]  the  solutions  to  the  time* 
dependent  zero-order  equations  along  the  surge  boundary 
conductivity  gradients  wetc  solved.  On  the  other  hand,  in 
Sum's  [1982]  theory  the  zero-order  enhanced  ionization  den¬ 
sity  S„  is  taken  as  constant  )n  space  and  lime,  which  is  consis¬ 
tent  with  the  Inhestcr-Baumjohann  model  inside  the  surge 
region, 

In  formulating  the  proem  Pi  2  pulsation  model  wc  lirst 
connect  the  magnctosphcnc  transverse  Alfven  wave  with  the 
ionospheric  drift  wave  [?  imum  imd  Mtur,i,  1982],  The  Alfven 
wave  is  probably  kinetic.  However.  the  perpendicular  scale 
lengths  considered  here  arc  much  larger  than  the  ion  gy- 
rorudius  so  that  the  Alfvcr.  dispersion  relation  is  essentially 
the  same  as  in  the  MHO  cast.  It  is  permissible,  therefore,  in 
the  present  context  to  use  the  MHO  dispersion  relation.  An 
Alfven  wave  carries  parallel  eurrc.it  which  is  'ited  to  the 
divergence  of  the  transverse  vketric  wave  field  hy 

Z»/  "V-C,  HI 

where  7.a  is  the  characteristic  impedance  of  an  equivalent 
transmission  line  terminated  at  both  ends  by  the  impedance 
X„  and  J,  is  in  the  same  direction  as  the  ambient  magnetic 
field  It  can  be  shown  [sec  Km  ti  ol,  1982]  that  j,  and 
V  •  ft,  satisfy  the  transmission  line  equations.  .S’um  [1982] 
used  the  transmission  line  analogy  to  impose  the  ionospheric 
and  equatorial  boundary  conditions.  As  seen  at  the  iono¬ 
sphere.  the  magnetospheric  impedance  is  given  hy 

7.  *  i'/.a  cot  (2) 


The  northward  ionospheric  current  component  in  the 
Inbextcr-flaumjohann  model  is  given  by 

Jt  -  £,£*  *  Ht'-f  Ul 

where  I#  and  21,  a;  the  Halt  an  Pedersen  conductivities, 
respectively,  and  F.  is  the  electric  field.  The  conductivities  arc 
normalized  to  their  zero-order  values  by 


where  £**  and  1^,  arc  uniform  inside  the  surge  region  and  A' 
is  the  height-integrated  ionospheric  ionization  density  normal¬ 
ized  to  the  uniform  density  within  the  surge  region  f.Vuf", 
1982].  Now  wc  similarly  have  for  the  westward  tvl  current 
component 

J,  *  £,«,  -  ui 

Equations  Uh  Ml,  and  Ul  arc  linearized  as  follows. 

li,  —  ft,#  t  Rt 

h,  »  H,t,  *  ft,  (6| 

.v « i  +  a 

where  the  values  with  ovetbar*  ate  of  first  order.  /;,»  is  the 
primary  electric  field  that  drives  t*-  *~totm  current  wedge, 
ami  is  the  primary  notth-south  polarization  clcctrie  field. 
Both  F.t t,  and  FI,*  are  assumed  constant  inside  the  surge 
region.  Now-  the  constancy  of  S0  and  £a  inside  the  surge 
region  implies  that  there  is  no  net  zero-order  field-aligned 
eurrent  dosing  into  the  magnetosphere  inside  the  surge  How- 
ever,  there  is  still  a  zero-order  energetic  electron  precipitation 
that  maintains  the  high  conductivity  inside  the  surge  region. 
The  eurrent  carried  by  the  energetic  electrons  must  be  precise¬ 
ly  balances]  by  a  flux  of  upward  flowing  ionospheric  electrons 
of  lower  energy  In  thts  manner  a  high  conductivity  level  is 
maintained  with  no  net  current  closure.  The  divctgcncc  of  /  it 
even  by 

V  -  3  -  J0  -  VS  *  S„,Y  -  6  +  I^V  a  P.|,  |7| 

where  J0  is  the  zero-order  two-dimensional  ionospheric  cur- 
rent  The  ionosphere  is  considered  a  source  of  transverse 
Alfven  waves  so  that  tV  x  hi,  «*  0  [A/ii/t.vr  tt  ul.  1974]  ex¬ 
cludes  magnetoacouslie  waves  in  the  ionosphere  The  first- 
order  field-aligned  current  density  is  given  by 

J  «  V  •  J  -  J„  -  Y.S?  -  £.„V  -  P  (ttl 

Uc  assume  that  the  lir%t-«rdcr  current  ts  being  carried  by  hot 
electrons.  Note  that  we  have  a  coordinate  system  with  the 
upward  current  a:  positive,  which  means  that  wc  have  a  minus 
sign  in  the  following  relation, 

y.i  *  -v  -  p.  i9) 

and  upon  combining  (8i  and  (9)  we  have 

i  *  -  J|.  •  ViN*  1 1  /a„, i  hoi 

Now  the  first-order  continuity  equation  gives  us 


where  P,  is  the  magnetospheric  Alfven  speed  and  /  is  the 
length  of  the  field  line  between  the  ionosphere  and  the  equa¬ 
tor.  This  expression  also  assumes  that  j„  is  zero  at  the  equa¬ 
torial  plane.  Z„  is  given  by  ;r0l’,.  Then  (I)  holds  at  the  iono¬ 
sphere  if  7.  in  (2)  replaces  Z0  in  (I). 
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[Kew,  1963},  The  Insertion  of  HOI  into  (I  II  give* 

?8  r»  «  -V  •  Vtf  (I  -  ZZ^l  -  2 *8  (12) 

where  the  components  of  V  are  given  by 

i;  ®  ok* 

.  (IJl 

l,  -  QhYJti  *  K-il  -  alJ  K 

The  parameter  >  is  the  closure  parameter  av  defined  m  the 
paper  hv  RtHhwdl  cl  of,  [I9M],  I,  t>  the  hn  H  drift  velocity 
taken  as  *0,25  km*,  and  R  is  the  ratio  of  the  height* 
integrated  Hall  to  Pedersen  conductivities,  which  we  take  to 
be  a  5  These  are  the  components  of  (he  surge  velocity  as 
derived  by  Rutbccll  cl  «/  (19X4)  without  the  electron-ion 
reeomNnalion  term.  Thts  velocity  term  was  derived  in  (12)  by 
noting  that 

0W*.r.Va  »  Qh  c\a-  •  K»  (Ml 

where  £  *  cS\  Ht  Wads  to  equations  (9|  and  till  in  the  parser 
be  A.uWM  of.  [19*4), 

It  is  aviumed  in  the  usual  manner  that 

*cxp[ftl(x  +  i,i  <n I]  (I5j 

where  »■»  is  considered  complex  (»•#  -  *<*,  t  ic»,|  ami  k  is  the 
wave:  vector  for  the  HinosphctK  wave  Taking  ,V  *•  cot 
hi  -  «s),  we  have 

-K  +  or- »  ~iV  •  k(l  +  i.Vl  it  +  ,V41  -  2*  (16) 

which  kadi  to 

tv,  ■  V  •  k  (I  +  A**|  (171 

lor  the  frequency  dispersion  and 

iv, «  w,A‘ -  2n,.Vn  (III) 

lot  the  growth  rate. 

Sow  [1978.  1982)  has  argued  that  the  mavimum  growth 
rate  occurs  for  X  »  I.  However.  X  is  not  a  free  parameter, 
and  its  value  must  be  consistent  with  the  solutions  to  (17).  l  or 
each  value  of  n  (n  *  0,  I,  2.  ■*  I  one  obtains  two  solutions  to 
(17),  One  root  corresponds  to  a  negative  transmission  line 
inpedance  or  a  capacilative  reactance  and  is  highly  damped, 
The  other  root  corresponds  to  a  positive  (inductive)  reactance 
and  gives  positive  growth.  This  result  is  consistent  with  the 
views  of  Saio  [1 978},  In  the  following  discussion  we  consider 
only  the  inductive  roots  of 

One  can  view  the  substorm  current  wedge  as  forming  a 
box-shaped  region  of  enhanced  conductivity.  The  ionospheric 
waves  associated  with  the  Pi  2  pulsations  partially  reflect  off 
the  conductivity  gradients  on  the  boundaries  forming  standing 
waves  in  the  .v  and  y  directions.  In  the  following  calculations  it 
is  assumed  that  the  waves  arc  dominated  by  the  fundamental 
modes.  i.c.,  the  wavekngths  in  each  component  arc  of  the 
same  order  as  the  scale  size  in  that  direction. 

Now*  the  k  •  V  term  in  (17)  can  be  expressed  as  (see  (13)) 

IP  «  ;.,k  -  V'(2*0//i;i «  {•/*  +  [I  t  RH I  -  a)]/*}  (19) 

where  /,,  is  the  length  of  the  surge  wedge  in  the 

east-west  direction,  and  /.,  is  the  surge  width  in  the  north- 
south  direction.  Figure  2  shows  a  plot  of  the  right-hand  side  of 
(19)  for  various  values  of  a  and  R.  The  long  dashes  in  this 
figure  represent  the  product  yx,  Note  that  for  most  cases,  ya  is 
a  reasonable  approximation,  which  means  that  except  for  very 
small  a  (zero  closure)  the  not  h-south  surge  dimensions  domi¬ 
nate  the  Pi  2  frequency  characteristics.  In  the  following  exam- 
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I  if  ?  the  parameter  It  s<  defined  m  equation  (191  In  the  tcvt, 
Thu  ttjenfc  *ho»A  that  cveept  for  almost  zero  ckuutc  Is  -  ft)  that 
M"  * .» Idenolevl  hy  mini  I mol  is  a  reasonable  approvimairom  I  hi* 
graph  tihlkales  that  the  itoillwuih  surge  dimensions  generally  de¬ 
termine  r he  Pi  2  frequency  eliaractenstioi. 

pk.  therefore,  we  set  a,  to  infinity  and  treat  the  north-south 
case.  Note  also  that  for  hrger  a  the  Pi  2  pulsation  frequencies 
are  higher.  The  dependence  of  IP  and  Rh  weak. 

As  noted  above,  we  solve  for  the  inductive  (A*  >  0)  roots  of 
(17),  The  resulting  values  of  or,  arc  inserted  Into  the  first  term 
on  the  right-hand  shJc  of  (IX)  and  plotted  in  Figure  .hr,  ’IV. 
characteristic  north-south  dimension  of  the  surge  is  taken  as 
500  km.  and  the  quantities  ZDZ.U  and  I y/  arc  set  to  10  and 
0.005  s  \  respectively.  Note  that  a  mode  is  excited  whenever 
X  ■  0  or  or,  «*  (n  +  jbtiyf.  This  means  that  (17)  has  only 
physical  solutions  for  frequencies  less  than  xI^/a,.  Now  the 
value  of  I’,  increase*  with  the  energy  of  the  precipitating  elec¬ 
trons  [RtHhwtll  cl  ul„  1984}.  Thus  the  energy  of  the  zero-order 
component  (dc)  of  the  precipitating  electrons  control*  the 
number  of  excited  modes  as  seen  from  Figure  .hr.  More  ener¬ 
getic  precipitation  is  associated  with  higher  magnetic  activity. 
Sakurul  oiui  McPhcrnm  [1983}  analyzed  Pi  2  magnetic  ac¬ 
tivity.  Snkunil  nnJ  McPhcrron  [1983}  analyzed  Pi  2  magnetic 
pulsations  observed  at  geosynchronous  orbit  on  ATS  6,  They 
found  that  as  magnetic  activity  increased,  the  frequency  spec¬ 
trum  became  more  complex  with  more  spectral  power  at 
higher  frequencies.  This  is  consistent  with  Figure  3u  in  that  a 
larger  lj  is  associated  with  more  energetic  electron  precipi¬ 
tation  and  faster  motion  of  the  surge  boundaries.  As  seen  from 
Figure  3«.  highcr-frcquency  modes  arc  exciicd  at  higher 
growth  rates,  implying  a  greater  contribution  to  the  spectral 
power.  Figure  3 h  shows  the  corresponding  mode  frequencies 
for  the  same  inputs  as  given  for  Figure  3 it. 

A  horizontal  line  in  Figure  3a  would  represent  the  damping 
due  to  electron-ion  recombination.  The  net  decay  is  the  differ¬ 
ence  between  this  curve  and  the  individual  o»,.V  curves.  The 
present  theory  is  applicable  when  the  intersection  of  the  I \/l, 
line  with  the  electron-ion  loss  rate  is  above  the  growth  curves. 
If  the  intersection  is  below  the  growth  curves,  then  continuous 
growth  is  predicted,  which,  of  course,  is  unrealistic.  Therefore 
this  latter  case  should  be  treated  hy  a  more  sophisticated  non- 
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Fig,  U,  Growth  rale*  for  -,/a  and  1*^,1  •.  0005.  The  notlh- 
hmiH  diroeroWn  id  live  surge,  I*  taken  a*  JOO  km  The  grnwifi  rales 
d'A'  td  (he  various  excited  frequency  mode*  ace  polled  a<  a  function 
of  where  I,  It  the  zero-order  poleward  surge  velocity,  neglecting 
electron-ion  reenr-bi  nation  elfin:!*.  The  value  of  ifiii  faun  determine* 
the  number  id  trunk*  excited  and  the  overall  lime  profile  id  the  re¬ 
sulting  Pi  2  pulxalkm.  A  horizontal  fine  equal  to  2<r.*r  would  reprevent 
wave  damping  due  to  electron-ion  recombination. 

linear  approach.  The  sensitivity  of  the  results  to  the  vari'  > 
parameters  is  as  follows.  Higher  electron  precipitation  cncrg*. 
implies  that  higher-order  modes  arc  excited  with  faster  gr 
tales  and  also  that  a  higher  ionospheric  ionization  dcr.xi ,  a 
attained,  'these  two  effects  tend  to  offset  each  other  in  the 
sense  that  a  higher  ionization  level  implies  faster  electron-ton 
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Fig.  3 b.  Frequencies  of  rhe  various  modes  for  the  same  input  pa¬ 
rameters  as  shown  in  Figure  3u, 
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Fig  4.  AFGL  magnetometer  filtered  Ft  2  data  taken  on  3ul>  16. 
l9*9tcviuttoy  II  Singer  AFGU 

recombination  ami  ‘:ence  enhanced  damping.  The  faster 
growth  rates  dentinal'  however,  so  that  the  net  effect  is  larger 
l’i  2  pulsations  at  higher  incident  electron  energies.  Higher 
incident  flux  at  fixed  incident  energy  can  lead  to  ovtrdamping. 
Lower  flux  auses  more  rapiJ  growth.  Smaller  values  of  Ij,/., 
Itonger  field  lines)  lead  to  the  excitation  of  more  modes  shifted 
to  lower  frequencies. 

In  the  present  model  an  external  condition  is  needed  to 
relate  the  zero-order  electron  precipitation  flux  with  the  elec¬ 
tron  precipitation  energy  in  order  to  ensure  damped  Pi  2  pul¬ 
sations  Wc  therefore  took  the  results  of  f ridmim  mid  l.rmnire 
[1980].  who  relate  the  field-aligned  election  fluxes  with  ihe 
associated  field-aligned  potential  drops.  They  consider  five 
separate  cases  corresponding  lo  diflerent  boundary  conditions 
in  the  plasma  sheet  source  li  was  found  ihai  all  five  cases 
gave  values  for  e'zciron-ion  recombination  damping  that  were 
above  the  growth  rate  curves  shown  in  Figure  3u.  The  Frid¬ 
man  anil  Leman-  [1980]  results  therefore  are  consistent  with 
damped  Pi  2  pulsations  as  derived  from  the  present  model. 

Now  in  equation  (23l  of  paper  I  we  found  that  the  ■"■•id  \ 
flux  along  the  poleward  boundary  had  to  exceed  some  >  (  i 
value  in  order  for  the  surge  to  propagate.  It  turns  out  that  this 
critical  flux  exceeds  the  required  flux  level  inside  the  surge 
region  lo  cause  damped  Pi  2  pulsations.  Theicforc  from  ihe 
present  work  one  expects  damped  Pi  2  pulsations  associated 
with  poleward  surge  movements.  This  is  an  important  consist¬ 
ency  test  between  our  theoretical  approach  and  observational 
results. 

Figure  4  shows  a  P>  2  pulsation  as  measured  by  Singer  et  al. 
[1985],  and  Figure  5  shows  the  results  of  the  present  calcula- 
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Fig,  5  The  retelling  model  l*i  ?  putuiion  lime  profile  luicvl  on  the  example  shown  in  Figure  J<».  Thin  it  a  linear 
superposition  uf  llie  individual  modes  assuming  all  are  initially  «utcd  with  an  equal  Inn  arhiirary  aniplilutle.  Figure* 
5<i  iJ  are  the  results  for  Incident  energics  of  2  keV.  4  heV,  6  kcV.  and  8  keV,  respectively.  Tlie  tvrretptmding  precipitating 
electron  rtuxei  used  are .'  5  x  111”.  7  x  |i)',  I.)  x  10',  and  1.5  x  10*  (cm5  si  ’.  The equilthnum  ionization  level  (V„  It  given 
by  ,V„  *  1(7/  0,1* ?  wheie  Q  it  the  ion  production  rale  [Kw.  1963]  and  «,  it  the  electron-ton  recombination  rale.  The 
damping  term  i>  given  h)  ?o,  V.,  vo  that  a  minimum  value  of  /  it  required  in  order  to  exceed  the  gtowth  rate*  given  in 
I  tgure  .U  Lower  value*  of  j  lead  to  continued  growth  and  to  i!:<  nonlinear  regime  that  it  not  covered  in  the  pretent 
theory 


tion  where  the  excited  modes  wore  considered  initialized  ut 
equal  amplitudes  and  ail  having  a  Untisoidal  dependence.  The 
four  cases  ( Ju  Ji/|  correspond  to  meidcnt  energies  of  2  keV,  4 
keV.  6  kcV,  and  8  keV.  The  incident  electron  I'. uses  used  in 
Figures  Sn  Sit  were  3.5  x  10*.  7  x  10’,  1,1  x  10*,  and  1,5 
x  10"  lent1  s)  respectively.  Note  (hat  the  higher-frequency 
pulsations  occur  at  higher  incident  energies  The  agreement 
with  Sniffer  or  ill’s  [1985}  xiata  is  seen  to  be  quite  good  for 
Figure  5r.  The  other  eases  (particularly  Figures  Sh  and  5</|  arc 
not  inconsistent  with  observations,  although  they  are  a  little 
too  regular  and  last  too  long.  A  slight  increase  in  ionization 
(electron  precipitation  flux)  would  significantly  decrease  the 
pulsation  duration.  It  is  concluded  that  the  different  damping 
rates  for  the  frequencies  arising  from  the  Sato  formulation  can 
lead  to  composite  pulses  which  arc  very  similar  to  the  mea¬ 
sured  Pi  2  pulsatms  in  shape  and  time  duration.  Therefore 
ionospheric  generation  of  Alfven  waves  could  provide  (lie  pri¬ 
mary  signature  for  Pi  2  pulsations.  The  damping  of  (he  Pi  2’s 
is  very  sensitive  to  increases  in  the  precipitation  current  that 
enhances  V„. 

The  resulting  physical  model  is  us  follows.  The  interruption 
of  the  dawn-dusk  current  in  the  plasma  sheet  causes  electron 
precipitation,  the  collapse  of  tail  licld  lines  to  a  more  dipolar 
configuration,  and  the  formation  of  a  substorm  current  wedge 
through  the  ionosphere  The  intpac*  of  the  initial  precipitation 
electrons  on  the  ionosphere  triggers  the  feedback  instability 


which  has  as  a  free  energy  source  the  cast-west  electric  licld 
in  the  sub'torm  current  wedge.  The  feedback  instability 
tills  the  flux  lubes  from  the  ionosphere  with  Alfven  waves 
which  form  standing  waves  between  conjugate  ionospheres. 
Since  the  injected  electrons  are  presumably  on  dosed  licld 
lines;  there  is  a  simultaneous  launching  of  Alfvin  waves  into 
the  magnetosphere  from  comparable  locations  in  the  two 
ionospheres.  The  ionospheric  conductivity  is  high  inside  the 
surge  so  that  waves  once  inject©'  vto  the  magnetosphere  are 
efficiently  trapped  between  the  conjugate  ionospheres  [J I  unites 
ami  SouthwooJ,  1976].  How  do  these  standing  Alfven  waves 
decay? 

Snkiiriit  ami  Me  Piter  ran  [1983]  note  Pi  2  polarization  re¬ 
versals  in  space  similar  to  tnosc  observed  by  ground-based 
stations.  They  also  point  out  that  Pi  2“s  in  space  have  a  large 
compressional  component  and  therefore  can  propagate  across 
lidd  lines  as  fast-mode  hydromagnetic  waves  {Sniffer  el  uf., 
1983].  The  propagation  speed  is  faster  than  the  Alfven  speed 
since  the  fast-mode  phase  velocity  is  given  as  f/lMif«w  «■/  u/„ 
1975] 

\f.  “UV  +  C.1)"1  120) 

where  C,  is  the  sound  speed.  It  is  argued  that  these  waves  still 
have  a  velocity  component  parallel  to  the  magnetic  f;  Id  so 
that  ihey  impinge  on  the  ionosphere  outside  the  surge  region. 
Outside  the  surge,  however,  the  ionospheric  conductivity  is 
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l'i|t  ft,  Illustrate*  ii  possible  explanation  for  the  dittcicnt  Pi  2  polarization  observed  in*nlc  uml  outside  the  suhstmm 
ament  wedge  An  li«nlem  Aiken  wave  ftom  the  magncto*phctc  stimulate*  the  feedback  instability.  at  desenhed  m  the 
ted  The  siihstorni  wedge  ml*  a*  an  h»m<*|*heitc  source  f-r  l'i  2  pulsation*  '*ilh  clocxwisc  pnl.iti/.iium  I  atthcr  mil  in  the 
ntagtsctosplictc  these  ample  In  aimpressmnal  wave*  that  propagate  I'erpemtieular  t«*  II  Outside  the  substorm  wedge 
region  ihc*e  cvntprcs'ional  nave*  ample  tn  Aiken  waves  that  are  cauly  absorbed  h)  the  ionosphere  in  region*  of  lo* 
conductivity.  A*  vkwed  from  the  lonmpheic,  the*c  incident  waves  **ilt  have  counterclockwise  polarization  comment  with 
observations. 


much  lower,  and  therefore  wave  reflection  is  much  less  ef¬ 
ficient  [Huy ha  unJ  SouihutktJ,  1976;  Kilts  ttnJ  Souihvotnl, 
1993].  The  magnetospheric  Alfven  waves  in  these  regions  arc 
rapidly  damped  by  Joule  heating  [//uy'ics  tmJ  Souihwtkkl, 
1976]. 

The  Alfven  wave  created  hy  the  Sato  feedback  instability 
originates  in  the  ionosphere  and  propagates  into  the  mag¬ 
netosphere.  This  wave  is  assumed  to  have  clockwise  polariza¬ 
tion  looking  into  the  wave  or  counterclockwise  polarization 
looking  in  the  direction  of  propagation.  It  is  also  assumed  that 
the  sense  of  polarization  is  not  allecicd  by  cross-licld  propaga¬ 
tion  via  the  fast-mode  hydromagnctic  wave  In  the  low- 
conductivity  region  outside  the  stibstorm  current  wedge  the 
iucidcut  counterclockwise  wave  impinges  on  the  ionosphere 
from  the  magnetosphere.  If  most  of  the  incident  wave  in  tins 
region  is  absorbed  hy  the  ionosphere,  then  (he  {tolarizatton 
looking  down  is  counterclockwise.  In  the  lugh-conductivtiy 
region  (he  launched  waves  arc  rcilcctcd  in  the  conjugate  iono¬ 
sphere  and  return  to  the  source  region  where  they  are  highly 
rcilcctcd.  Therefore  the  sense  of  polarization  in  the  highly  con¬ 
ductive  region  is  determined  by  the  ionospheric  source  charac¬ 
teristic  or  the  feedback  mechanism  rather  than  by  waves  im¬ 
pinging  from  the  magnetosphere.  These  concepts  arc  illus¬ 
trated  in  Figure  6. 

In  summary,  the  sense  of  polarization  for  ionospheric 
.sources  and  sinks  of  Alfven  waves  looking  down  at  ,'hc  iono¬ 
sphere  should  be  reversed.  This  interpretation  is  consistent 
with  the  observations  of  .S'lrmum  urn/  HurrolJ  [1983]  as  de¬ 
scribed  in  the  introduction. 

The  model  has  the  following  features. 

1.  The  l’i  2  burst  is  a  result  of  the  sudden  diversion  of  the 
tail  current  to  the  ionosphere  [Suktirtil  mil  MePhemm .  1983]. 

2.  The  feedback  instability  is  an  ionospheric  source  for 
Alfven  waves,  l.argcr-amplitudc  components  arc  generated  at 
higher  fre<|ueirics  for  more  energetic  precipitation. 

3.  .Standing  Aiken  waves  arc  created  between  conjugate 
ionospheres  on  Held  lines  dun  connect  the  source  locations. 
These  standing  waves  propagate  across  II  field  lines  via  fast¬ 
mode  hydromagnctic  waves.  Outside  (he  surge  region  the 
waves  are  ripid’.y  damped  in  the  regions  of  lower  ionospheric 


conductivity.  This  model  therefore  pros  ivies  a  po"iblc  energy 
path  that  Pi  2  pulsations  could  follow. 

4,  The  present  model  is  consistent  with  the  results  of  paper 
I  [Rur/me//  el  til.  19X4]  in  that  the  electron  precipitation 
fluxes  required  for  surge  propagation  are  also  •.efficiently  high 
to  damp  the  excited  Pi  2  pulsations.  The  fiux  levels  predicted 
by  l-ntlimm  ml  /a  ninny  [19X0]  also  ensure  the  prc*encc  of 
damped  Pi  2  pulsations  tn  the  model  given  here 

The  present  work  sloes  not  exclude  the  possibility  of  ad¬ 
ditional  maguctO'pherie  sources  of  Pi  2  pulsations.  We 
assume,  however,  that  these  Pi  2's  are  easily  rcilcctcd  by  the 
high-conduetivny  region  and  that  the  ground-based  magne¬ 
tometer  most  efficiently  respond  to  the  ionospheric  source 
presented  here 
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Ionospheric  Electron  Acceleration  by  Electromagnetic  Waves 
Near  Regions  of  Plasma  Resonances 

Elena  VlLUt/lN* 

<Vnf<r /.e  Metinm. HtHmK  .Vtx/kemiff*  ttoiwfry,  Hmsl t*i,  .V/uMuekuizm 

Electron  sKwkr.ukw  by  tkcKOmifttctk  fkU<  pfi>p4|.ttittj;  in  the  inhomogeneous  li>mnph«rie  pLow-t 
It  ime-lifatcsl,  It  i<  found  Hut  hi|th-4mpt'iu<t<  short  waxkngth  ckcuesimte  tun  ate  ftrwiainl  by  iht 
liKhktil  ekvtrnmagitclie  fWU>  that  penetrate  the  ratlin  window  These  »aw  can  very  cffioemly  Hander 
ibcir  energy  In  tl*  ckermnv  if  the  inotkni  ficqiKiwy  it  near  the  Seeond  hair, ionic  of  the  cyclotron 
frequency. 


I,  INIKIHK’CIKIS 

Acvxkralion  of  ionospheric  eleciront  by  electromagnetic 
1 1; M I  fields  \la  irradiation  either  from  ground-based  micro* 
wave  transmitters  ri  u/,  19X1:  Hirkmntr  el  til,  19X6}, 
or  from  satellites  or  rockets  pnmo.  I9XJJ.  is  a  problem  of 
wry  active  research.  This  interest  is  motivated  by  observations 
of  high-energy  electrons  by  spacecraft  in  the  ionosphere,  anti 
this  fact  can  help  to  improve  our  understanding  of  basic 
properties  trf  wave-panicle  plasma  inlcraeiions  [Fejer,  1979}. 
Anilieially  accekratcd  electrons  can  also  be  usctl  as  a  probe  of 
the  potential  coupling  between  the  ionosphere  and  the  mag* 
nclDcphcrc.  We  coitsitkr  an  KM  mtmochromalic  plane  wave 
of  frequency  or  and  wave  vector  k  anti  assume  that  the  wave  is 
launched  near  the  ground  at  an  arbitrary  angle  with  respect  to 
the  constant,  ambient  magnetic  tick!  Bd,  We  lake  B„  io  be 
along  live  :  direction,  i.e.,  ■„  *  //„»,,  and  k  «*  k,e,  +  Apr,,  The 
wave  eketrie  licit!  can  be  written  as  K  *  *,/;,  cos  ^  —  *c/; 3  sin 
d>  -  Vj/i,  cos  i}i.  where  £  -  A,v  +  A,s  -  or».  ami  /;,  arc  real 
mnnk-is  I  he  motion  of  a  relativistic  electron  of  charge  i/  ami 
test  mass  m  is  tkscrilvd  by  the  laifcn!/.  force  ct|iraiion 

tlf.Jl  « r/fK  +  »  t  x  (R  +  Rul]  III 

wJiere  M  is  llie  wave  mugnelic  Held,  v  is  the  panicle  velocity, 
ami  f  •*  rnj-v  is  the  momentum.  The  relativistic  factor  is  ;•  **  (I 
i'  pt  s  ms<-!  +  i>,1'in!c1l.h:  where  p,  and  />,  arc  the  momen¬ 
tum  components  perpendicular  ami  parallel  to  B0.  respec¬ 
tively  The  particle  gains  energy  if  the  resonance  conditions 

or  -  ktr,  -  «{)•;•  «  0  |2| 

me  closely  satisfied.  Here  «  is  mi  integer  mid  H  *  </Wu,m<  is 

ilie  clcviron  cyclotron  frequency. 

kcccntly,  tiltntiiii  mill  Hurke  [19X7]  have  developed  a 
tlieory  lit  which  KM  Mip.iiltinnmuts  (i.e..  the  refractive  index, 
ip  is  smaller  I ‘■an  or.cl  cold  plasma  waves  accelerate  the  elec¬ 
trons  via  reso.  at  stochastic  acceleration.  Thai  is.  by  taking  :r 
near  21).  ilicy  show  dial  the  cycloiron  resonances  overlap  at 
high  (lower  levels.  It  was  shown  that  wave  intensities  of  10" 
m W- m*  accelerate  the  electrons’  up  to  energies  of  about  100 
kcV.  Numerical  integration  of  til  shows  that  for  (he  electrons 
to  reach  large  energies  (m  the  MeV  rangei  the  power  levels 
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that  arc  required  exceed  a  value  of  10*  mW  m*  [Hurke  el  til* 
I9SSJ,  Nevertheless,  such  power  levels  arc  at  kasl  a  factor  of 
10“  times  greater  than  what  is  currently  available  m  iono¬ 
sphere  (waling  esperiments  'I  hus  other  more  feasible  ap- 
pio.icltes  to  accelerate  w'.l  ionospheric  elections  should  be 
investigated. 

In  this  ankle,  we  ptoposc  a  far  more  elTcetivc  acceleration 
mechanism  based  upon  propagation  characteristics  of  KM 
waves  in  nonuniform  plasmas,  If  the  meident  frequency  u  is 
near  20,  and  if  the  plasma  density  is  such  that  n  is  between 
the  local  upper  hybrid.  n.k.  and  electron  plasma.  r-if.  fre¬ 
quencies.  m,  ^  ii  -J  i-i.k.  coupling  to  electrostatic  tlLSl  plasma 
waves  of  short  wavelength  is  possible.  We  show  that  tliev: 
waves  very  efficiently  transfer  energy  to  the  ckelrons,  We  also 
report  calculations  relevant  to  present  HP  heating  experiments 
by  considering  a  power  llnx  /*  »  I  rnW-m*.  The  energy  gained 
by  the  electrons  is  obtained  by  applying  the  Hamiltonian  po¬ 
tential  wells  theory  of  li//iiMn  mu/  llurke  [I9K7],  At  low  pump 
Held  amplitudes  we  littd  that  particles  gam  energy  following 
trajectories  in  p,,  /•  phase  spate  along  the  zero-order  Hamil¬ 
tonian  ll„  l  or  a  relativistic  panicle  we  have 

//,,  *  m< \  -  (s  //,)/*,  tJl 

where  It,  **  </,  tl  +  /.,A,  l.,k, i  and  >i,  is  the  compor.eni  of  the 
refractive  indev. »/  -  « A  n  along  It,.  I  or  eleeirostatic  waves 
we  find  that  //,  -  0,  and  then  that  the  zero-order  trajectories 
arc  open  and  lire  parltcle  gams  energy  in  the  direction  perpen¬ 
dicular  to  the  background  magnetic  Held,  i.e..  p,  is  constant, 

2  I  tlf  IXIIMAIK  Wavi  Gimkawis 

We  consider  the  propagation  or  KM  waves  m  a  nonumform. 
ionospheric  plasma  We  assume  that  the  density  gradient  is 
along  the  s  (vertical}  direction,  that  B„  forms  mi  unuJe  "  with 
respect  to  4.  and  that  k  is  in  the  plane  spanned  by  ,  and  B„ 
ts-e  Figure  I).  The  launching  angle  with  respect  to  the  vertical 
direction  is  denoted  by  The  angle  between  k  and  Bu  is 
called  a  mid  depends  on  the  altitude  The  refractive  index  <j 
has  a  component  Q  along  the  vertical  direction  and  a  compo¬ 
nent  S  in  the  horizontal  ;i  direction  We  have  the  relation  >m 
(*  +  r.  2  -  lli  ■  Q  Because  of  the  horizontally  plane  sirati- 
lied  ionospheric  model  considered  here,  the  horizcnial  compo¬ 
nent  of  (lie  refractive  index  .S'  is  u  constant  independent  of  the 
plasma  density  and  then  is  given  by  S  —  sin  The  vertical 
component  <’  "sends  on  altitude  (i.e..  on  (he  local  plasma 
density)  obtained  by  solving  for  the  Booker  quartic 

dispcrion  ion  [Hmhlcn.  1961],  We  may  choose  llie  angle- 
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of  incidence  y>  such  that 

sin  ifr  *•  V  *'(l  *  Vl  1 1  sin  II  (4) 

where  V  «  flw.  If  the  ordinary  (0)  mode  is  launched  near  ihc 
ground  at  the  critical  angle  given  in  (4),  it  will  penetrate  the 
radio  window  and  will  be  transmuted  near  the  coupling  level 
where  t  i » i>;r  into  the  extraordinary  mode  talso  called  the  V, 
model.  The  transmission  coefficient  from  0  to  X  modes  has 
been  obtained  by  AfyuWmv  [1984],  and  it  is  unity  (total  trail*- 
mission)  If  S  * sin  i>  is  given  by  (4),  The  V.  mode  propagate*  in 
the  inhomogeneous  plasma  of  the  ionosphere  until  it  fall*  into 
the  region  of  high-frequency  plasma  resonances  [Mjalhus  unJ 
FIH.  1984],  Near  the  plasma  resonance:  (I)  Q  becomes  very 
Urge  ((]-«  % ).  in  fact,  since  Q  » S  we  find  that  *  -•  ft.  (2)  the 
wave  becomes  electrostatic,  i.e.,  E,  II,  *  -tan  t)  and  II,  m  0. 
and  (3l  the  vertical  group  velocity  component  becomes  very 
small.  The  plasma  density  in  the  resonance  region  is  given  by 
solving  for  .V  «  Xr  where,  because  a  ■  II.  we  have 

,V,-(1  -  >**X  I ->'*«»*  W  (51 

and  ,Y  « *rf5  n1  Near  resonance,  the  vertical  component  of 
the  refractive  index  Q  must  be  calculated  by  considering  a 
finite  temperature  plasma.  In  fact,  by  adding  the  lowest  order 
thermal  corrections  to  the  coefficients  of  fourth  and  third 
degree  of  the  Hooker  quartlc,  we  find  that  Q  is  given  by  solv¬ 
ing  for  the  real  root  of  the  dispersion  relation 

It ,  t  2kQ!I  2 V  »  0  (f.) 


where 


A 


3  cos*  II  + 


3  sin*  0 

(I  ~  V’KI  -4I'J| 


(6-3)'*+  V*) 
+  (I  -  >’■'»* 


cos*  U  sin*  II 


f  .  t  15  V*  *  17  V*  6V*| 

■  .S'  \m  ri  cos  li  <eovJ  il  -  -  —  ~  -  - 

l  (I  -  >  )* 

t-liVN  7V*-4r)] 
1 1  -  V-V(l  -  4  >’-)  J 


+  sin4 


T  =  ,S  sin  II  cos  II 


)- 


U  -  V1) 


and  r «he  electron  thermal  speed,  is  such  that  tyi  «  1.  A 
brief  sketch  on  the  derivation  of  (6)  is  presented  in  the  appen¬ 
dix  The  term  proportional  to  A  was  calculated  by  Golunt  ami 


htiui  ri972],  and  its  contribution  tv  much  larger  than  that 
proportional  to  k  tf  A  v*  0.  I  lie  case  A  -  0  has  not  received 
any  attention  yet.  Nevertheless,  we  liml  that  it  iv  of  interest, 
since  the  refractive  indices  arc  larger  than  when  A  /  0  by  a 
factttr  of  t«  r,l*  ’  l  or  a  given  value  of  l>,  A  is  equal  to  zero  at 
a  certain  frequency  which  t*  greater  than  ft  and  smaller  than 
2ft,  In  fact,  we  find  that  for  U*,  44 ,  a  becomes  zero  for  ♦<» 
very  close  to  2ft,  In  figure  2.  we  show  the  refractive  indices  as 
functions  of  the  angle  H  for  two  values  of  (he  incident  fre 
quency  <i  which  arc  smaller  than  hut  eh»<c  to  2ft;  we  take 
i  , «  -(125*  10  *  (he  largest  Q  arc  found  near  II  «  II,, 
where  H,  is  such  that  Aid,,  wl  -  0,  We  have  that  for  e<  -  IS  I 
ft,  (>  436  ami  (I  -  +563,  and  that  for  w  «  1,92  ft,  H,  - 

327  and  Q  -  M6U 

Ihc  landau  damping  rate  I  due  to  the  Doppler  shifted 
frequency  at  the  second  harmonic  is  (see  the  appendix) 

I  .-I  -  -(I  16)  (a  21*  V,  •K'lsin4  "  cos  DXrr/V*) 

espl-v.-»-2ft)J12(kIfl)J)  (7) 

where  r»  » (I  -  V}),T,Y,  1  -  Y1  cos*  II).  We  sec  that  if  A  /  0. 
I  nr  is  of  order  hut  if  A  *  0.  then  1 7m  -  0(1) 

The  components  of  Ihc  group  velocity  along  the  vertical,  t  ,-, 
am)  horizontal,  r„.  directions  are  readily  obtained  front  (6|; 
we  show 

r,;  f  ►  $(ty  +  deft  Wl 

t„r» -id’r/O’AQVS  M 

If  A  /  0.  we  find  that  r* 1\,  -  (XQ  ’).  and  then  that  the  wave 
propagates  in  the  direction  perpendicular  to  iltc  denslly  gradi¬ 
ent,  but  if  A  «  0,  then  rM  -  0.  However,  by  adding  to  (6)  a 
third  thermal  correction  of  the  form  (r,  .VI1*  Q.  wltere  v  Is  a 
function  of  II  and  V.  we  show  that  r,,  is  proportional  to 
ti ,  «•)*»,  when  A  -  0.  I  hits  i,.  and  r„  become  of  the  same 
order  of  magnitude  ami  much  smaller  than  rM  for  the  case 
A  /  0.  The  amplitude  of  the  tune-averaged  electric  liehl  can  be 
obtained  solving  for 

/• « («  IfisKr,  V)!(3A  Q  +  4k|.VJK|4  (ID) 

Here  l‘  is  the  vertical  component  of  the  energy  flux  density. 
The  highest  energy  concentration  occurs  when  the  group  ve¬ 
locity  is  the  smallest. 

3  lit  I  Cl  HOS  Am  1 1  KM  ION 

Assuming  that  I  is  small,  the  energy  that  a  single  electron 
may  gain  interacting  with  a  general  KM  plane  wave  of  the 


Fig  2  Refractive  indices  in  ihc  plasma  resonance  regions,  as  func¬ 
tions  of  ihc  angle  0  between  the  ambient  magnetic  held  and  the 
vctucal.  for  two  values  of  Y  -  Q,u 
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Fig,  X  Net  energy  gain  »*  function  of  the  angle  ft  ba»c<i)  I  Ik; 
tunbicnl  magnetic  field  ami  the  veriknl.  We  consider  two  value*  p? 
V  iv. «  ami  the  Initiaetion  of odd  t  lev-irons  with  (a)  ific  a  -  2.  ami 
iHlkca  -  I  cyclotron  resonance*, 


fi*m  given  before  (I),  ha*  been  obtained  as  a  function  of  lime 
in  the  article  by  Villuli’m  unJ  Hutke  [19*7],  It  was  found  that 
the  normalized  particle  energy  V  i*  obtained  solving  for 

((/  +  l)}(dl'Vt)*  +  V„m  «  0  (II) 

where  V  «■  y  —  I.  ami  time  l*  normalized  lo  number  of  wave* 
period*,  i  » no.  Here  we  consider  the  electron  Interaetiott  with 
a  single  (isolated)  cyclotron  resonance  of  order  tt.  For  a  parti* 
ek  initially  (t *> 0)  at  rest  interacting  with  the  RS  waves 
(/;,;«,  -  -tan  I).  and  F. }  «•  0)  that  arc  generated  near  reso¬ 
nance.  the  Hamiltonian  potentials  may  be  written  as 

iyi'1  *  H'HU  +  2r.|*  -  1*  cos*  IIKjiV) 

-1*2  sin*  d[K#, ,((.')  +  K.  ,(l')]  (121 

wiihr.m  I  —  ni'.lm  -t/|K|/mrw. am! 

K.Wt »  [  J.’ML  +UM 


by  solving  for  the  zeros  of  the  Hamiltonian  potential*,  We 
consider  two  values  of  to  and  a  power  Dux  /*  ■  I  mW  m*.  The 
amplitmles  of  the  IUS  fields  arc  obtained  from  (10).  Wc  .sec  that 
the  it  <*  2  resonance  can  only  trap  cold  electrons  for  angles 
greater  than  20  if  to  »  1,92  ft  I Y  »  0.52),  and  34  if  to  *  1.81 
£)()*■  0,55),  The  broken  lines  near  the  (J  «*  (I,,  which  makes 
A  **  0,  imlicatc  that  C  -  |w  -  2f>(  k,i't  a  2  ami  that 
F  to  «•  CXI).  Thus  the  energy  of  the  CS  fields  is  strongly  ab* 
sorbed  by  the  bulk  distribution  of  plasma  electrons  The  kinet¬ 
ic  energies  reached  by  the  electrons  arc  very  Urge  due  to  the 
enhanced  electric  fields  and  large  values  of  rj  near  >>  *  t*  l  or 
larger  values  of  s  (solid  lines),  we  find  that  1"  w  is  very  small 
(i  c..  I'  m  <  2  x  It)  J),  and  hence  that  only  a  few'  electron*  in 
the  tail  of  the  distribution  function  may  interact  with  the 
waves.  These  electrons  arc  accelerated  in  the  direction  perpen¬ 
dicular  to  the  constant  magnetic  field  up  to  energies  of  the 
ord-r  of  hundreds  of  electron  volts.  Note  that  In  the  Ranh's 
dipole  magnetic  field  the  mirroring  force  acting  on  the  elec¬ 
trons  will  also  accclcrnlc  them  along  geomagnetic  field  lines. 
The  interaction  of  cold  electrons  with  the  n  w  I  resonance 
takes  place  for  all  values  of  0.  The  net  energy  gain  tin  eV)  is 
represented  in  Figure  3h.  and  is  quite  small  if  0  v*  W,  This  l* 
because  the  resonance  condition  |2|  is  far  from  being  satisfied 
for  w  a  2ft,  m  »  I.  and  initially  cok)  electrons. 

fhc  time  it  takes  to  reach  these  energies  ears  be  ca>  uUted 
with  the  help  of  (I  I)  and  (12).  Wc  start  with  the  «  *  I  cyclo¬ 
tron  resonance  and  cold  electrons  until  the  potential  becomes 
positive,  then,  if  there  is  overlapping  with  the  it  *  2  resonance, 
the  particles  arc  accelerated  to  high  energies.  For  example,  for 
to  m  1.92  ft  and  0  «  23  .  it  takes  168  wave  period*  tWP)  to 
gam  2  keV.  where  half  of  this  time  is  spent  reaching  the  first 
100  cV.  If  11  r*  43  the  electrons  gain  SIX)  cV  over  $6  Wf»  tscc 
R’lgurc  4a).  As  a  second  example,  wc  consider  w  «  I  81  ft;  if 
0  *»  37',  it  takes  35  WP  to  gain  350  cV.  but  if  ()  «•  46 .  then  It 
only  lakes  25  WP  to  reach  the  same  energy  (>ce  Figure  4fc|, 
Although  the  first  and  second  cyclotron  resonance*  may  over¬ 
lap  over  a  broad  range  in  energies,  we  find  ihat  wc  ean  neglect 
the  contribution  of  the  «  -  2  resonance  in  the  overlapping 
region.  In  faet.  if  to  »  I  S|  ft  and  II  ■>  37  it  takes  4}  WP  to 
reach  (lie  first  28  cV  with  the  «  •*  2  resonance,  but  it  only 
takes  7  WP  with  the  »i  w  l  On  average  we  find  that,  in  Gaus¬ 
sian  units,  the  amplitude  of  the  electric  fields  arc  about  0005 
times  She  ambient  magnetic  field. 

5  OlMIllllM.  Kl  MARLS 


Here  J,lk,i>\  arc  Bessel  function*  and  /.  is  the  I. armor  radius 
evaluated  at  U\  wc  have  /i  -  r  ft  [2C'  +  L’*]'  *  The  allow, 
able  energies  a  resiricted  by  the  condition  I’jiL'l  £  0.  Note 
lliat  the  first  t  hi  in  (121  is  always  positive  and  dominates 
over  all  the  doers  at  large  values  or  L  Thus  I;(C|  van  be 
regarded  as  a  potential  well  within  which  the  particle's  energy 
owillatcs  in  lime  The  kinetic  energy  slowly  increases  over 
many  cyclotron  mid  wave  periods,  and  the  net  energy  gamed 
by  the  particle  lias  always  a  finite  value.  If  l’(l')  <  0  when 
U  •(),  the  potential  can  trap  zero  kinct.t  energy  particles, 
iIicm:  panicles  may  incrca*c  llieir  energy  up  lo  a  value  V  -  L'0 
such  that  l’(l/„|  *  0.  If  l'(l’)  •-  0  when  L  >0.  then  ihc  po- 
leniial  cannot  trap  zero  kinetic  energy  pari  ides. 

4.  Numi  kical  Calculations 
In  Figure  3 u,  we  represent  ihe  net  energy  gained  by  the 
cloclrons  (in  keV)  due  to  the  interaction  with  the  it  -  2  cyclo¬ 
tron  resonance,  as  funciion  of  II.  These  energies  are  calculated 


In  llu*  article,  wc  have  mvcMigjicd  the  po**ihilii)  of  auvl* 
crating  ionospheric  electron*  in  miensc  cleclromagnetiv  tRMt 
field*  Wc  have  presented  a  very  efficient  acceleration  and 
heating  mechanism  winch  consist*  in  the  generation  of  short- 
vvavelengtli,  higli-ainpliiudc  elccirostniic  (RS)  fields  by  the  in¬ 
cident  EM  waves  that  penetrate  the  radio  window  By  includ¬ 
ing  thermal  cliccls,  wc  have  derived  the  dispersion  relation  for 
these  RS  fields,  analytical  cvprcssinns  arc  given  for  their  group 
velocilies  and  damping  rates  Because  of  the  very  small  group 
velocity  components  in  both  the  vertical  and  hori/onlal  direc¬ 
tions.  die  electromagnetic  energy  uglily  vonccnir.tial  in  a 
region  of  plasma  resonance  The  clfectivcncss  of  tin*  mecha¬ 
nism  depends  on  ike  v.duc  of  the  incident  frequency  to  and  on 
the  angle  0  that  the  background  magnetic  field  forms  with  die 
vertical  direction  Calculations  on  single  particle  acceleration 
show  that  the  electrons  can  gam  I  or  2  keV  for  moderate  (I 
mW,m*)  power  levels  if.  for  small  values  of  ft.  to  is  chosen 
slightly  below  ihe  second  gyroharnumic 
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Fig.  4,  Energy  gain  44  function  of  lime  i  noimallred  lo  number  of 
wave  petiodt  Mere  II  I*  the  angle  between  the  ambient  magnetic  field 
and  the  vetiivsl  and  >' «  (kw,  The  energy  is  given  in  (uj  KeV,  and  tM 
eV 

Amr-TMX 

For  electrostatic  waves  the  dielectric  response  function  it 

'/  » qT*,,  sin!  a  b  Rj,  cos’  a  b  2eu  cos  a  sin  a)  (Al) 

where  r,(  arc  components  of  the  dielectric  tensor  (the  row  is 
indicated  by  the  subscript  (  and  the  column  by  J)  which  can  he 
found  elsewhere  f/rAimriru.  1 973')  Next,  we  expand  t,t  in 
powers  of  the  small  quantities  0)*  and  [(<« 
-  nfll  k,ir)  where  n  »  0. 1. 2  and  kt  •«  k  tin  0,  k,  *  k  cos 
II  arc  the  perpendicular  and  parallel  components  to  Ba  of  the 
wave  \eetor.  By  keeping  only  first-order  terms  in  (pf/r)1,  we 
find 

-V  ,/1'rV.y  3  sin3  a 

-  JTW  - ' '  W  Hil-l-KI-4V1 

,A!I 

8  COS'  7  )*  1 J 

,/i‘rV  „/  2  cos  7  sin  7  I  sin3  a  „  \ 

■“-nrH— IA41 


By  considering  that  cos  a  » (A*  tin  II +  Q  cos  (ftm  with  Q  x- 
S,  and  by  keeping  the  higher-order  powers  in  Q,  we  may  write 
*✓•»!/,  + 11/ 1,  where 

V  r  -  C^rr  -  (^)  W*  +  2kQ)X  b  ~  IA51 

Mere  r;l  «  I  -  ,V  ,Y„  where  .V,  is  given  in  (51  and  A,  K,  tind  V 
arc  given  after  tfil.  Hy  taking  rw  very  small  ami  setting  */,  -  U, 
vve  obtain  the  dispersion  (elation  (fi*.  Wc  also  have 

\  t'R\x  l  [r,\^  tin*  It  X  f  /«»  - 

b)0  m^ii7!',pl I1*  ’ 

The  component*  of  the  group  velocity  c<{,  I',,  in  (HI  and  (9) 
arc  obtained  by  defining  jf  ,  « ! /^Q*.  and  then 

*  ixTJS  11 

where  recall  that  (k.Jtti»Q  and  tkJto<*S,  The  Landau 
damping  rate  at  the  second  cyclotron  harmonic  is  also  ob¬ 
tained  by  considering  that  jf,  m  t/,iQ.*  and  then  that  !*► 
-  Here  An  s  ftttj r’ri)  *»  2,V/o»,  where  n 

tv  defined  after  (7). 
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The  relativist  k  equations  of  motion  are  analyzed  for  charged  partkk*  in  a  magnetized  plasma 
and  externally  imposed  electromagnetic  Held*  («,k),  which  have  wave  vectors  k  that  arc  at 
arbitrary  angle*.  The  parlkk  energy  is  obtained  from  a  net  of  nonlinear  differential  equations, 
ax  a  function  of  time,  initial  condition*,  and  cyclotron  harmonic  number*.  For  a  given 
cyclotron  resonance,  the  energy  oscillates  in  time  within  the  limits  of  a  potential  well; 
stochastic  accekration  occurs  if  the  widths  of  different  Hamiltonian  potentials  overlap.  The  net 
energy  gain  for  a  given  harmonic  increases  with  the  angle  of  propagation,  and  decreases  as  the 
magnitude  of  the  wave  magnetic  Reid  increases.  Applications  of  these  results  to  the 
accekration  of  ionsophcric  electrons  are  presented. 


I.MTHOOUCTION 

The  interaction  of  high-power  rf  fields  with  plasma  par¬ 
ticles  is  a  subject  of  very  active  research  because  of  its  rich¬ 
ness  in  bask  plasma  processes  and  practkal  applications,  it 
can  be  used  as  a  method  to  increase  the  plasma  temperature1 
and  to  accelerate  some  particles  to  high  energies.’'  Particle 
accekration  by  eketrostatk  waves  is  a  well-explored  area  of 
research  because  of  its  applkation  in  laboratory  plasmas/ 
Although  less  is  known  about  acceleration  processes  by  eke- 
tromagnetk  waves/*'  they  may  have  greater  rekvancc  in 
space  plasma  physics.  Recently,  there  has  been  an  increasing 
effort  to  understand  the  bask  ionospheric  plasma  processes 
and  the  nature  of  partkk  motion  under  the  influence  of 
high-power  rf  fields .*  A  number  of  nonlinear  phcnpniciu 
have  been  observed  such  as  the  formation  of  cantons  (local 
plasma  density  depletion)  and  parametric  instabilities,  in 
addition,  partkk  accekration  has  also  been  observed  near 
(hccrilkal  layer  where  the  wave  frequency  matches  the  loeal 
plasma  frequency/  In  this  paper,  we  concentrate  on  single 
partkk  rather  than  collective  plasma  motion. 

The  motion  of  a  relativistic  particle  of  charge  q  and  rest 
mass  m.  under  the  influence  of  an  external  electromagnetic 
field  and  a  uniform  magnetic  field  II, „  is  described  by  the 
l.orcnt/.  force  equation 

&  v(k-I  j-XdH  B,,)).  (I) 

where  c  is  the  speed  of  light.  Gaussian  units  are  used 
throughout  the  paper.  The  wave  propagates  at  an  arbitrary 
angle  with  respect  to  B^,  which  we  assume  to  Ik  along  the  z 
direction.  Without  loss  of  generality,  the  wave  propagation 
vector  is  given  by  k  =  x  +  k,  z,  and  the  electric  field  is 

K  -  iA',  cos  4»  -  y£j  sin  4*  -  i£s  cos  *1*,  ( 2 ) 

where  5,  y,  and  2  arc  unit  vectors,  <1*  =  ktx  +  k,  x  —  eot,  and 
<o  is  the  wave  frequency.  The  wave  magnetic  field  is  given  by 
the  Maxwell  equation:  B  =  c/ru(kxE).  The  relativistic  mo¬ 
mentum  is  p  —  m)y,  where  }'=(!—  ej/rr  -  li^/c1)  " 1/1  is 
the  Lorentz  factor,  v  is  the  particle  velocity,  and  u, .  v,  are 


the  components  perpend  kola  rami  paralkl  to  B,„  respective¬ 
ly.  This  interaction  is  resonant  at  multiple  harmonics  of  the 
relativistk  cyclotron  frequency  ft.  The  resonance  conditions 
arc 

«  -  k ,1’,  -  nfl  «  0.  (3a) 

ft  *  -  qBJmcy,  (3b) 

where  n  is  an  integer;  the  nonrelativisik  cyclotron  frequency 
is  denoted  by  ft,,  where  ft  ■*  ft,  /)'.  The  case  of  a  circularly 
polarized  wave  (i.e.,  Ex  »  A\  and  A',  m  0)  which  propagates 
along  has.  been  studied  m  Kefs.  8-10.  It  has  been  shown* 
that  to  all  orders  in  the  field  amplitudes,  partkk*  can  be 
accelerated  indefinitely  provided  that  ( 1 )  the  index  of  re¬ 
fraction  y  *■  ck  /to  is  equal  to  I  and  (2)  the  particle  is  initial¬ 
ly  at  resonance  with  the  «=»  I  harmonic. 

In  this  paper  we  extend  the  analytical  results  of  Roberts 
and  Buchibaum*  to  wives  of  arbitrary  polarizations,  propa¬ 
gation  angles,  and  rcfnictive  indices,  by  assuming  that  the 
field  amplitudes  become  small  compared  to  lBd  as  the  prop¬ 
agation  angle  increases.  Our  analysis  is  also  applicable  to 
electrostatic  modes,  whie,'i  appear  as  a  particular  application 
of  our  general  results.  We  show*  that  the  net  energy  gam  for 
any  given  harmonic  resonance  is  always  finite  except  in  the 
case  of  circularly  poiart/ed  waves  with »/  =  1.  To  lowest  or¬ 
der  in  field  amplitudes,  particles  gam  energy  following  cer¬ 
tain  trajectories  in  (/>,  p, )  phase  space.  These  trajectories 
may  be  opened  or  clon'd  according  to  the  magnitude  of  the 
wave  magnetic  field,  the  angle  of  propagation,  and  the  value 
of  refractive  index  y.  We  find  that  they  are  closed  for  electro¬ 
magnetic  fields  that  propagate  at  large  angles,  and  hence  the 
net  energy  gain  is  restricted  to  finite  values.  They  can  be 
opened  for  cm  waves  that  propagate  at  small  angles,  if  y  is 
small  or  equal  to  I.  For  electrostatic  waves  (i.e.,  for  small 
values  of  |Bj)  the  energy  trajectories  are  always  opened,  and 
if  resonances  overlap,  the  net  energy  gain  can  be  very  large. 

The  total  energy  //  is  obtained  from  a  set  of  nonlinear 
differential  equations  which  depend  on  lime,  initial  condi¬ 
tions,  and  (he  harmonic  number  //.  In  deriving  these  equa- 


3695  Phys.  Fluids  30  (12),  OacambeM  987 


003 1  -9 1 7 1  /87/1 23695-08S0 1 .90 

88 


®  1987  American  i.'.atiiute  of  Pnysics 


3695 


Iters,  w«  assume  that  ihc  particle  undergoes  many  cyclotron 
orbits  before  itt  energy  changes  appreciably  The  slew  lime 
evolution  of  //  is  fosiml  by  averaging  over  lime  scales  asso¬ 
ciated  with  ihe  motion  of  the  wave  ami  gyromotion,  ami 
satisfies  equations  of  the  form  C dltSdn*  +  *%f//>  -  0-  Per 
a  given  Harmonic  n,  //  oscillates  in  time  within  ilte  1  lannltn- 
nian  potential  wells,  ami  ihe  maximum  allowed  energy  gam 
is  given  by  selling  ihc  potentials  I’.  I//)  =  0  The  widths  of 
ihe  potential  wells  arc  also  given  as  functions  of  IB;  and  the 
angle  of  propagation.  We  find  that  the  resonance  widths  In¬ 
crease  with  the  angle  and  decrease  as  iBj  increases  Besides, 
they  are  larger  for  particles  that  initially  satisfy  the  reso¬ 
nance  condition,  Eq,  (3)  'i  he  particle  motion  becomes  sto¬ 
chastic  when  the  widths  of  potentials  for  dilfcrcnt  liarnintitcN 
overlap.  and  then  the  mean  net  momentum  transfer  to  the 
particles  can  be  very  large 

We  apply  our  results  to  the  acceleration  of  electrons  in 
the  ionosphere  by  considering  an  extraordinary  mode  props- 
gating  into  a  region  of  increasing  plasma  density  For  the 
purpose  of  illustration,  calculations  are  presented  with  a 
mode  frequency  «h  |.gft#;  here  ft,  is  evaluated  in  the 
Eanh'i  magnetic  field  (ft,  a  1.6  MHz).  We  show  that,  at 
Urge  angles  of  propagation,  initially  cold  panicles  can  be 
accelerated  to  Urge  energies  at  power  levels  (Pa02$  W/ 
cm5).  This  happens  near  the  critical  density  (eutofTj  where 
the  wave  vector  k  and  group  velocity  along  k  are  zero  and  the 
wave  amplitude  is  greatly  enhanced.'  In  addition,  we  also 
find  that  the  mode  becomes  purely  circularly  polarized  near 
ih*  cutoff  layer,  and  its  magnetic  field  amplitude  is  very 
small.  Because  the  first  and  second  cyclotron  harmonic  re¬ 
sonances  overlap  near  the  cutoff,  Initially  cold  panicles 
which  gain  scaie  energy  interacting  with  the  first  harmonic 
can  be  picked  up  ty  the  second  ami  boosted  to  still  higher 
energies.  For  small  angles  of  propagation  and  at  the  power 
levels  considered  in  our  calculations,  we  find  that  resonances 
do  not  overlap  so  that  initially  cold  panicles  only  internet 
with  the  first  harmonic.  Because  the  resonance  condition, 
Eq.  (3),  is  far  from  being  satisfied  for  n  «  I,  cold  particles 
o,  ■  0,  and  ua>2ft„  then  the  net  energy  gain  for  small  an¬ 
gles  of  propagation  is  very  small. 


II.  BASIC  EQUATIONS 

We  start  by  considering  that  Ftp  ( I )  admits  the  follow¬ 
ing  ]hrce  constants  of  motion*': 

j(p-2rXB,-.i.//  +  2A)  =  0,  (4) 

di\  e  to  cl 

where  r  »  (.xyj)  is  the  vector  position,  //  m  yme'  is  the 
total  panicle  energy  including  the  rest  energy,  and  A,  the 
vector  potential,  is 

A  **  xcE,/cj  sin  4»  +  ycE./to  cos  '!>  -  xcEj/u  sin  *1* . 

After  multiplying  the.t  component  of  Eq.  (4)  'oyAr,  and  (her 
component  by  kt ,  we  easily  obtain 

P,  -  [K,/u)H  +  {Ey/E^ip.  +  ftp,)  ^  0 ,  (5) 

where  K,  k,  ( !  +  Eyk^/Eyk,).  Hereafter,  dots  signify 
differentiation  with  respect  to  time. 

The  equations  of  motion  for  the  perpendicular  compo¬ 


nents  of  the  paliclc  momentum  can  also  lie  written  in  the 
form 


P,  vp,(ft  i  iqE-/»ty)(kt/N)m «l*j 

-  lqEtUi)(M  K,:) cos*K 

«•) 

p,  p ,  ( ft  +  (qE./my)  lk,  4>)sin  '1* } 

«  -  {qE*/si)tr>i  -  k,i Isin't*. 

(7) 

In  eur  calculations,  we  shall  neglect  the  correction  to  the 
cyclotron  frequency  in  Eqs,  (6)  and  (7)  by  assuming 
ft,  -t  Hock,  /«•</!,,  He,,  we  assume  that  either  A,  -QnrAV 
ft,  is  very  small). 

The  evolution  in  time  of  the  particle  energy  is  given  by 


tin 

CVa 


qE, 


m 


Pt  V)S 


d< 


-  ^  Pt  sin  *t*  Shi. pt  cos  <1* .  (8) 

w  t» 

Equations  (5)-{8)  arc  the  foundations  of  our  theoretical 
analysis. 

Before  going  into  a  detailed  mathematical  derivation,  it 
is  useful  to  consider  the  lowest-ordcr  solutions  in  the  electric 
field  amplitudes  to  Eqs.  (5)-(7).  If  the  electric  field  ampli¬ 
tude  is  small  we  may  approximate  x  by 

Xfapmlo  -bit),  (9) 

where  a  *»  /J ft  (r  ")</;',  tan  a  **  -  p^/p#,  and />  a  v(  /ft 
is  the  particle  gyro  radius.  Hereafter,  the  subscript  zero  refers 
to  the  initial  conditions  at  /  *  0.  To  zeroth  order  in  the  elec¬ 
tric  field  amplitudes,  Eq,  (5)  yields 


/>#  »/V>  +  <Af,Au)  (//-//„).  (10) 

In  terms  of  p,  andp, ,  the  components  parallel  ami  perpen¬ 
dicular  jo  Bp,  resjicetively,  Eq.  ( 10)  can  also  be  written  as 


(lla) 

(lib) 


where  y0  is  the  Lorentz  faetor  evaluated  at  t  **  0,  and  t>„,  is 
also  evaluated  at  r  &  0.  Note  that  depending  on  the  magni¬ 
tude  of  ft,,  Eq.  (II)  describes  families  of  elliptical 
(&{>!).  parabolic  ([/?,!**  I),  or  hyperbolic 
trajectories  :n  (p,,p, )  phase  space. 


III.  SOLUTION  OF  THE  EQUATION  OF  MOTION 

Equations  (6)  and  (7)  can  be  solved  to  all  orders  in  the 
field  amplitudes  as  functions  of  <1*  =»  k,x  +  k,z  -  rot  and 

Q  -  IqEy/toUro  -  K.z)  IqSj/uHu  k,z ) .  (12a) 
R  *.  (qEy/toWo  -  K.z)  +  {qEJtoUo  -  k,z) .  (!2b) 
We  find 
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P.  «  <r* -)<♦•) 

d-fl'ctaHtr-  «?'-♦') Jrfr'-p,  «n(<r  ■»•  a) , 

<U«) 

/V*y£|<?’  «Jn(cr-a*  .«•♦•} 

I* H  ‘ wn(</  it'  •!»*) ]« U *  pt  em(tr  Hi) . 

Ct3bJ 

— - - - - - - I 


Primed  and  unpnmcd  quantities  ate  evaluated  at  tones  rand 
f  *,  respectively.  After. substituting  these  equations  into  Eq. 
(5)  and  integrating,  we  obtain 

<W 

-\ffrQ'**')™*'*’.  CM) 

liquations  (13)  and  (M)  together  with  Eq,  (K)  give  the 
following  eapresiton  for  the  rate  of  change  of  particle  tncr- 

»y: 


i{K'  *  4‘i)(j[c*  co*C<»  +  ♦  -  o'  f-  +')d(  '  +  £*'  co »(o  •»•  ♦-</*-  ♦*)<//  *  -  2p,  sin  (a  +  4»  -hu) 

+  ^(**1  -  co*(*t»  -  o  +  o'  -  Y)dt '  +  £  R '  cost*  -  o  +  ♦'  +  o')Ji ‘  +  2p,  $in{d»  -  o  -  a) } 

-  J  -  //«))«*  4*  -  y* J[(C *  +  /f  ’)  |e«{«  +  ♦•)  +  co*(+  -  ♦’)  }dr  •] . 


(U) 


We  note  t'  at  polarizations  represented  in  Eq.  ( 15)  arc  related  to  terms  multiplying  electric  fields  in  right-hand  {£,  -f  £\), 
left-hand  (A*|  —  £«),  and  parallel  E}  mode*. 

Neat,  we  substitute  for  x  using  Eq.  (9)  and  define  T  *  o  -t-  n  -(-  r/2  and  ♦  ■  k,s  -  ut,  so  that  ♦  ■  ♦  +  k,p  sin  Y. 
After  espanding  the  sine  and  cosine  terms  in  Eq.  ( 1 5)  in  the  series  of  Bessel  functions  JjA),  we  obtain 


4////  ~  , 

~ "I7- 


c’ai 


(16a) 


where 


U  Uh\  I  Aj)A  ,  U  )(?  f  1 0 V„ , ,  W  *)c(k(«Y  I  mT  -I  4*  -t-  Y ) 

+  *  ’/a  I  «  *)cos(«T  -  mT  +  V  -  r )  )dr*  +  2*  cos(/.Y  +  ♦))  +  £(£,  -  £})/, . ,  tf) 
x(£  j[  [Q  V„  f ,  U  *)eos(flY  -  r/tY*  +  ♦  -  f)  +  AVW . ,  U  ’JcosfnT  +  «Y*  +  ♦  +  ♦*)  )dr ' 
+  V,  cos(«Y  +  4*)]  -  (4 ) [4^  +  il(//  -  //„) jcosCnY  +  4<) 

-  ~  £  jT«2'  +  *  Vm  W ')  {cos(rtY  +  mY*  +  +  4.  r )  +  cos(nY  -  mY*  +  4*  -  f)  )dt *) , 


(16b) 


where  A  «  *,/>.  and  the  summations  arc  over  all  integer  values  from  -  «  to  +  « .  Note  that  //  can  be  split  into  rapidly 
fluctuating  parts,  which  depend  on  the  time  scales  associated  with  the  motion  of  the  wave  (through  the  function  4')  and  with 
the  gyromotion  (through  the  function  Y).  and  a  slowly  time-varying  part  //y  If  /(//)  is  any  given  function  of  the  total 
energy,  the  slow  time  variation  of  /is  obtuined  as 


/(//)*• 


/(//) 


Our  next  step  is  to  approximate  t>(  -  U'}/H)p,  in  Q  and  R  by  the  zeroth-order  solulion  to  Eq.  ( 10),  Here,  evety  // 
function  appearing  in  the  definitions  of  v,  andp,  is  given  to  lowest  order  by  the  slow  time  energy  function  //' .  The  argument 
of  the  Hovel  functions/?  and  the  momcntuin/i,  arc  also  given  in  terms  of  IIs  and  initial  conditions  by  means  ofEqs.  ( 10)  and 
(ID. 


a. 


-^--~  +  2v(i-/AYL)  +  f/2n-//,,) 


(17) 


whereflg  =  -  qBJmcya  is  the  relativistic  cyclotron  frequency  evaluated  at  /  =  0,  and  U  =  (//*  —  //£ )/// J  is  the  slow  time 
evolution  of  the  normalized  particle  energy.  Differentiating  Eq.  ( !6b)  with  resj  to  time,  we  obtain  the  following: 
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t%  "  ui£'  *  +  +  !♦).( KJ„  ,M)eof|(«  -m}T)} 

*  -m)T)  b  RJm  ,tf  )cos((r..f.m)Y*2t|} 

<J  £» 

-jrAU)  £«?  *  KU-,UiUt*\(«  *  mjr  4  2t)  +  «*!(«  m)Yj}  -  my  *.  +)/*, . 
tabere  «Y  +  t«dft  +  A, c,  - w  The function /*,  is defined by 

/•.*£(£,  +  £.)./..  f  j(> V„ . , U *jMnr«Y  +  «Y*  i  t') 

*  A7„  .C-OmCnY  /«r  »  *  *'))<//•  ,  }p  Mn(«Y  i  *j)  .  vtA,  £,»/„.,{,{) 

*  w 

y(s  jf  (^v«*  I  WJswfnT  n  *  *  7,,  ,  f4*)Mn(«Y  hi  mY*  »  *  +  ♦•))*/*• 

+  Ip,  slntnY  +  tjj  •  *  ^-(//  <  -  //*}j«n(>iY  +  t| 

"  ■§ ^ X  J[ <C*  +  a  v„« *){Mn(/iY  T  wsY*  +  *  +  ♦• )  +  sin(*Y  -  «Y'  4  *  -  *•)  )«/r*J . 
Differentiating  /*,  with  r espeet  to  time,  we  obtain 

>.  »  ^(£,  +  £-)/,  «(/-)£{<?/... ,(4)sin({«  +  m)Y*  2*)  +  #/„ .  ,a)iin|{n-«)YJ} 

-  £,)/„ , ,  <4  )£{$/„ .  ,(4)stn({«  -  «)Y)  +  HJm  ,U)sin|(ff  +  m) Y  +  2+}} 

jPJ 

*'  ^■■^■•/.(<,-)£{G  +  ^J4wU){Mnl(n  +m)Yj<2tJ  *Mn(0»  -m)YJ}  i  CnY  t  9m/.. 


Since  we  arc  only  interested  in  the  slow  time  evolution  of  the 
total  particle  energy,  we  ean  average  Eqs.  (IS)  and  (19) 
over  the  fast  time  dependencies  (i.c..  over  Yand'C)  to  find 
that  only  terms  with  n  «m  give  a  nonzero  contribution.11 
Wealso  consider  the  contribution  ofa  single  (isolated)  reso¬ 
nance,  and  then  for  eaeh  harmonic  n,  we  find  that  the  parti- 
cl*  energy  (4  HN/c'u  « /f)  obeys  the  following  coupled 
differential  equations: 


)i -i(£,  +  E.JRJi  ,  U)  +  i.(£,  -  E.)QJl .  U) 
u  tj 

a  £i 

+  ~~-lQ-bR)JlU)  -  («Y  +  ♦)/>* .  (20a) 

tj  1 1 

H  a  (nt  4-  9M/J  .  (20b) 

• - — - - I 


r - — - - - - - 

Hie  superscript  S  refers  to  the  slow  time  contributions. 
Here.  /»*  is  such  that  at  r-Q  one  has  J(0) 
«4(///c)V.(0)sin5„  where 

C.(0)  «  ft\a/2c)(  -  (v,  -i-  £.)/.  ,  (4m) 

+  "  *,)7. .  ,(4„))  f  , 

<S,  *  n(cr  +  a/2)  +  ft,  ru , 

2,  -  -  {?£,/«)  (c///„) ,  /■»  1,2,3. 

and  all  quantities  with  the  subscript  0  are  evaluated  at  /  w  0. 
Combining  Eqs.  ( 10),  { 17),  and  (20)  leads  to  a  nonlinear 
equation  for  //  as  a  function  of  time  and  initial  conditions. 
Ilercader  we  shall  drop  the  £  on  the  function  It,  knowing 
that  by  //  wc  always  mean  the  slow  time  evolution  of  the 
particle  energy.  After  multiplying  by  ////,  integrating  once 
over  time,  and  writing  all  expressions  in  terms  of  normalized 
quantities,  we  find  (see  the  Appendix), 


((/+  „fi£),  +  r,{(/J  -_0. 

\<u  at) 

Vm(U)  =~~  Um{u  -  £'{,Q)d,U^U  +  ~-jsin<5,  + 


(21a) 


X {  -  (2j  -  2,)  [£. ^  ,  ( U)  +  Gm^ ,  ( U)  ]  +  {£,  t/,  -  2J3, )  [ {v#/c)Fm , ,  (U)+0,  G. , ,  ( (/) )} 
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-(CSt  +  Srf/ZKtt'+XjJiF.  ,((/)  +  <?.  ,((/)] 

-  +  S.y, ) ( W„/c)h\  ,<£/}  +/?,  G,  ,  ((/} )} 


-  !;{<?.«/)  +  £.(#)  -  A(CiV,/0  F*Wl 

wkf«  rf,  s  |  -  »/,//,,  y,  cA,/<w,  fl,  is  defined  in  Fq, 

{ I  lb},  r.  *  I  -  ktitA/*i  -  «fV<w.  anil 

<?.(#)«!  -/£{«(((/*)  |UW. 

F.(U)»p*iiUtn  )<«/•. 

with  %•  si  «,*  •£  I.  This  Is  ju*t  a  differential  equation  describ* 
i*»g  the  morion  of  trapped  particles  within  the  Hamiltonian 
potential  well  I',,  Under  the  limit  A,  -0.  I;q<<  (21)  reduce 
to  the  equations  derived  by  Roberts  ami  Duchxbaum*  for  the 
cwkmi*-  >t  l,  Note  that  in  the  limit  At-  0,  Eqv,  (21)  ami 
the  I' Mniltonian  trajectories  as  defined  in  Hq.  ( 10)  are  easel 
integrals  to  the  equation  of  motion  ( l.c,  they  are  valid  to  all 
orders  in  the  field  amplitudes). 

IV. r  «  HAMILTONIAN  POTENTIAL  WILLS 

We  note  that  the  fir»t  term  of  Eq.  (2 1  b)  docs  not  depend 
on  the  wave  amplitude  and  is  always  positive  for*/,  ytQ.  The 
wff, «  0  corresponds  to  a  circularly  polarised  wave  with  a 
refractive  index  y  a  I.  If,  in  addition,  r,  »  0,  then  this  term 
is  aero  and  we  arc  in  the  case  of  unlimited  acceleration.  For 
ff,  ytOand  at  large  values  of  U,  this  first  term  dominates  over 
aU  the  others,  and  its  contribution  ean  be  diminished  by  tak¬ 
ing  m  0  (i.e.,  particles  initially  at  resonance  with  the 
wave).  Thus  K.  can  be  regarded  as  a  potential  well  within 
which  //osdllatesasafunctionoftimc, The  maximum  value 
that  //  can  attain  for  a  given  resonance  and  field  amplitude 
ean  be  tbund  by  setting  the  potentials  I'.  ( U)  ®  0.  At  wave 
amplitudes  ami  propagation  angles  where  the  widths  of  po- 

_ _ I 
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tcnifals  for  different  harmonics  overlap,  the  particle  motion 
becomes  stochastic  ami  at  the  del  momentum  transfer  to  the 
panicle  can  be  vtry  large  Nevertheless,  since  A  (the  argu- 
ment  of  the  Bessel  functions)  is  given  by  the  lower-order 
solution,  Eq.  (17),  the  amount  of  energy  the  particle  can 
gain  is  limited  according  to  (he  value  of/7, ,  In  fact,  recall  that 
the  Hamiltonian  trajectories  as  defined  in  Eqs.  (1 1 )  arc  open 
hyperbolas  for  (/),!♦;  I  ina  (/>,,/>,)  phasespaec.  For  Jl,  -  I 
they  arc  closed  ellipses  and  the  range  of  accessible  energy 
gain  is  restricted  to  finite  values. 

In  order  to  better  understand  the  physical  meaning  of 
//,,  let  us  consider  the  time  average  of  the  wave  magnetic 
field 

(B*>  «  (£}/2)(r£j/£}  +/?;)  •  (22) 

Electrostatic  waves  arc  characterized  by  small  values  of  ft, 
and  of  ihc  product  y /?./£,.  Thus,  thezeroth-order  trajector¬ 
ies  associated  with  electrostatic  fields  arc  open  in  a  ( p,  ) 
phase  space  For  electromagnetic  waves, /?,  is  large,  in  gen¬ 
eral.  However,  if  Ihc  angle  of  propagaiion  is  small  and  if  the 
refractive  index  is  such  that  y<l,  then  /),  ~y,  and  the 
Hamiltonian  trajectories  can  also  be  open  as  is  the  ease  for 
circularly  poiarixed  waves  with  y«*  1.  If  the  angle  of  propaga¬ 
tion  i'»  large,  the  allowable  energy  gain  is  limited  even  for 
9<l. 

It  is  also  instructive  ;o  study  the  behavior  or  with 
respect  to/?,.  We  consider  only  the  case  of  panieles  which 
arc  initially  at  rest,  i.e.,  tv,  **  n,H  •*  0.  Hence  U»k  -  \  and 
the  potential  well  becomes 


!';(</)  ^{</?(/V4)<U  +  2r,/i/,)s  t  1(2,- v|)/2){  (S.  -  2,)|<?, ,  ,(U)  t  F.tl(U)J 

d  /?,(2,y,-2i/?,K/., ,((/)}  >((Sl-f-Sl)/2){(2,  +  S))(tf.  ,(U)  r/-;  ,((/)) 

-  fl,l~Ji,  +  -jV,)^*  , «/)}  -  X?  (ff,!!/)t/;a/)  -//!<?.((/)]  t23) 

I - 


Terms  multiplying//,  in  the  right-hand  and  parallel  polar¬ 
ization  fields  are  always  positive  for  any  ft,  -/A).  Although 
the//,  term  in  the  left-hand  componcn:  may  be  negative,  its 
contribution  is  small  because  the  order  of  ihc  Hesse'  function 
is  higher.  Therefore,  we  conclude  that  Ihc  larger/?,  is,  tliC 
smaller  the  widths  of  potential  wells. 

Finally,  some  comment  should  be  made  regarding  (he 
dependence  of  V,  on  propagation  angles.  For  initially  cold 
particles  with  small  gyroradii,  all  but  the  zcroih-ordcr  Bessel 
functions  are  very  small.  Since  the  argument  of  (lie  Bessel 
functions  is  Ihc  perpendicularcoinponcui  of  the  wave  vector 
A,  limes  the  particle’s  gyroradius,  increasing  the  propaga¬ 
tion  angle  increases  the  value  of  Ihc  Bessel  functions  terms. 
Thus,  for  all  but  the  first-  and  zeroth-order  harmonics,  (he 
potential  may  not  trap  low-energy  particles  unless  the  prop¬ 
agation  angle  is  large,  'flic  behavior  of  the  potential  for  small 
valuesofx,  is  as  follows.  For  A,  —  Oand  \n\s2,  only  the  first 


term  of  lap  (23)  is  nonzero,  and  therefore  no  particles  can  be 
trapped.  For  A,  -0  and  n  I.  the  right-hand  polarization 
field  may  accelerate  cold  particles. 

V.  ELECTRON  ACCELERATION  IN  THE  IONOSPHERE 

We  consider  an  extraordinary  mode  propagating  in  a 
cold  plasma  at  an  angle  0  with  respect  to  B,*,  The  dispersion 
relation  is” 

V-l  -X/D,  (24a) 

0-1  |>' 72(1  .VjJmu’W 

-  {( )'72(  1  -  JO]* sin4 04  ),,eos,W},;. 

(24b) 

where  .V  is  the  electron  plasma  frequeney. 

)’  -  11, /w,  and  11.  -  ell  Jem.  The  eleetnc  field  component 
ratios  are  given  by 
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H;  XY _ 

H,  (Y  ),JHl  i/'j  .V* 


H,  V,  »/, 

Aj  I  —  A  »  t/; 

Combining  Eqs.  (25b}  and  (lib)  we  find 


(2S,i) 

(25b) 

(26) 


where »/, ,  y,  arc  the ,x  and  z  components  of  the  rcfmetive 

index. 

The  magnitude  of  the  electric  field  21 ,  is  given  as  a  func- 
tion  of  the  power  flow  density  /’along  k  by  solving  for  the 
following  equation: 

I* +/>;]. 

(27a) 


Pm- 


where  v,,  the  group  velocity  along  k.  is  given  by 


11. _ *  (-,7b, 

c  I  +  j(i)W0)tl  -  »/5)  * 
and  O'  a  tiD/dtj. 

In  our  numerical  calculations  we  assume  that 
oi  *  1.80,,  where  ftt  «  J.6  MHz  is  the  electron  cyclotron 
frequency  in  the  Earth's  magnetic  field.  The  wave  propa¬ 
gates  into  a  region  of  increasing  plasma  density  until  it 
reaches  the  cutoff  point  where  k  and  r,  arc  acre.  At  the 
reflection  point  we  find  the  following. 

(i)  The  electron  density  is  given  by  solving  for 
1  -  X  m  Y,  which  in  our  ease  is  n  -*  -1.65  *  10*  cm  *  and 
corresponds  to  /ft,  «  1.22, 

(li)  The  electromagnetic  mode  becomes  circularly  po¬ 
larized,  i.e„  I,  m  and  S,  m  0. 

(Hi)  The  magnetic  field  is  zero  because  k,  the  propaga¬ 
tion  vector,  is  zero. 

(»v)  The  electric  field  amplitude  X|  is  very  large  because 
o,  «0. 

(v)  The  resonance  widths  as  obtained  solving  for 
V.  (V)  m  0  arc  also  large  because/?,  is  zero. 

We  conclude  that  electron  acceleration  should  be  most 
effective  near  the  turning  point.  In  the  following  calculations 
we  show  (hat  significant  acceleration  can  indeed  only  take 
place  near  the  cutoff  layer. 

Figure  I  shows  the zcroth-orderllainilionian  trajector¬ 
ies  for  a  low  plasma  density  (n  =*  3  X 101  cm  J)  at  different 
angles  of  propagation.  These  trajectories  arc  open  (hyperbo¬ 
lic)  for  0<6r  «.  H'and  closed  (elliptical)  for  larger  angles. 
In  all  cases  the  refractive  index  is  smaller  than,  but  close  to, 
unity  (7/a0.9S).  The  ratio  between  the  magnitudes  of  the 
wave  magnetic  and  electric  fields  is  also  elosc  to  unity.  For 
<u=*2ft,  and  for  the  power  levels  that  are  used  in  ourcaleula* 
tions  (FsxO.25  W/cm5).  we  find  that  the  potentials  arc  posi¬ 
tive  so  that  acceleration  cannot  take  place.  If  the  density  is 
increased  to  3. 14  X 104  cm '  \  we  find  that  electrons  can  gain 
about  12  keV  through  the  interaction  with  the  «  a-.  I  har¬ 
monic. 

In  Figs.  2  and  3,  the  plasma  density  is  4.5  X  10*  cm' 
which  corresponds  tow^/fl,  =  1.2,  and  the  Hamiltonian 


I 


l:IO  I  lUwilitxiun  -»aj«t<tiio  far  diifcrim  rrpp»|:»n««  angle*  to  the 
m*fiKi*fciJ.7lKvhoK!i|>4Mm<Kf«afCfcfi,./tl,  -  OJundw-  t  Ml,  If 
0  ■*  (fi  Itx  Ifajocwry  i\  a  [utraKda.  and  tt  leprcxnts  the  u  amnion  angle 
b(t»«n  Owed  elliptical  ffl  - 0,  >  and  opened  hjpetbota  ttf.  (f, )  mlntc 


trajectories  arc  open  for  all  angles  of  propagation  The  net 
cm  rgy  gain,  as  given  by  solving  for  the  zeros  of  l'„  ( (/),  is 
represented  by  the  shaded  regions  as  a  function  of  0.  Wc 
consider  the  first  two  cyclotron  harmonic  resonances  ami 
assume  that  the  particle  is  initially  at  rest.  The  first  harmonic 
resonance  interacts  with  cold  particles  through  the  contribu¬ 
tion  of  the  right-hand  polarization  field.  The  Second  har¬ 
monic  docs  not  interact  with  cold  electrons  even  for  the  lar¬ 
gest  0,  because  y,  the  refractive  index,  is  very  small 
(7/ ta0.25).  The  energy  that  a  particle  can  gain  from  the  first 
harmonic  is  very  limited  because  the  resonance  condition  is 
far  from  being  satisfied  (r,  ®0.45)  foru^  «0amlw»2n,. 
For  the  second  harmonic  r}  **  -  0.1,  and  the  net  energy 
gain  can  be  larger.  In  Fig.  2.  /*■  0.15  W/cm5,  and  the  first 
and  second  harmonics  barely  overlap.  In  Fig.  3  where 
/’  at  0.25  W/cm1,  they  fully  overlap  (double shaded  region) 
for  angles  greater  than  40*.  The  second  harmonic  may  trap 
those  electrons  that  have  already  gained  some  energy  inter¬ 
acting  with  the  first  harmonic,  and  boost  them  to  still  higher 
energies.  In  fact, since  U*y  -  I,  wc  sec  that  the  net  energy 
gain  can  be  as  much  as  150  keV. 

In  Fig.  4,  we  show  the  Hamiltonian  potential  wells  as  a 
function  of  the  normalized  particle  energy  U.  Wc  represent 
the  inverse  of  the  function  IF., 

H',((/)«  - sgn(K.)log(|F. ((/)|/((/  +  I )*|.  (28) 
The  plasma  parameters  arc  those  of  Fig.  3,  and  wc  consider 


HO.  2.  Range  of  allotted  energy  gain  (shaded  regions)  for  llic  resonance 
harmonic  numbers  n  •  1,2,  as  a  function  of  wave  projsagstion  angle  !o  mag¬ 
netic  field  The  plasma  frequency  is  such  lint  «■  1.2, «  *  1.8(1,. 

and  llic  iota!  poster  flui  !.-•  /■  *  0.15  W/cm’. 
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FKL ),  lit*  »mk  m  ill  Fig.  2  but  with  t  «  0.2 )  W/cm’. 


(wo  different  angles  of  propagation:  (a)  6  »  80*  and  (b) 
8  «  20*.  The  magnitudes  of  (he  potential  wells,  |  K,  ( U)  |,  are 
very  small.  For  8  *■  W*  and  n  m  2  (he  maximum  value  of 
|  K,  |  is  of  order  I0"5,  and  for  n  *»  1  the  maximum  value  is 
2X I0-J.  This  is  consistent  with  the  assumption  that  the 
panicle  energy  changes  slowly  over  the  gyro  and  wave  per¬ 
iods.  In  fact,  by  normalizing  time  to  A  "'in  Eqs.  (21)  we  see 
that  |  V,  |(tu/A)*  must  be  much  smaller  than  1  if  the  changes 
in  energy  occur  over  many  gyroperiods. 

In  the  theory  presented  in  Sec.  Ill,  we  assume  that  the 
magnitude  of  the  wave  magnetic  Acid  is  much  smaller  than 
that  of  the  background  magnetic  held  B„  for  increasing  prop¬ 
agation  angles.  This  allows  us  to  use  the  zeroth-order  solu¬ 
tions,  Eqs.  (9)  and  ( 10),  in  the  perturbative  analysis  at  large 
angles.  In  order  to  verify  the  validity  of  this  approximation 
we  have  calculated  the  following  dimensionless  quantities: 

B,/B„  m  if,  («/A)I3y„ ,  B,/Ba  »  T),  (<u/A)Ij y0 , 

Vff0«4(w/A)V0. 

In  the  case  of  Fig.  4,  we  find  that  for  80*,  B,/ 

B„  o  7X 10"  *.  *,/*<, m 9X  lO^and  2f,/*e  a  1.3  X 10”*. 

For  ff=»2(T  these  values  are  1.5X10”*,  4X10“*,  and 
4X 10"*,  respectively.  The  magnitude  of  the  wave  electric 
field  as  given  by  2,  (recall  that  near  the  cutoff  we  have 
£,=>£;  and  2ys*0)  is  found  to  be  closed  to  0. 14  for  all  cases 
of  Fig.  4. 

VI.  CONCLUSION 

In  this  paper,  we  have  presented  a  theoretical  analysis  of 
the  energy  gained  by  relativistic  charged  particles  in  oblique¬ 
ly  propagating  electromagnetic  waves.  The  main  results  of 
our  analysis  are  as  follows. 

( 1 )  To  lower  order  in  the  field  amplitudes,  particles  gain 
energy  following  certain  trajectories  in  a  (p,^,)  phase 
space.  Because  these  trajectories  are  closed  for  large  values 
of  the  magnetic  field  amplitude  |B|  and  the  propagation  an¬ 
gle  8,  the  net  energy  is  restricted  to  finite  values.  They  are, 
however,  open  for  large  values  of  |B|  and  small  values  of  0  if 
the  refractive  index  ij  is  smaller  or  equal  to  1.  For  sufficiently 
small  values  of  |B|  they  are  always  open. 

(2)  For  a  given  harmonic  resonance,  the  range  of  the 
allowed  particle  energies  is  obtained  by  solving  for  the  zeros 
of  the  Hamiltonian  potentials  Vm .  The  resonance  widths  are 
always  finite  except  for  the  case  of  circularly  polarized  waves 
with  rj  —  I  and  for  particles  that  are  initially  in  resonance 
with  the  n  =  1  harmonic. 


FIG.  4,  lUmilionlan  potential  wells  >srepret<nied  by  the  function!  I/M', 

| Set  Eq.  (21)  1  as  a  function  of  panicle  energy  for  the  plasma  parameters  of 
Fig.  3,  and  for  tarn  different  angles  of  propagation:  (a)  9  m  W  and  (b) 
0-20*. 


(3)  Resonance  widths  are  larger  for  particles  that  ini¬ 
tially  most  closely  satisfy  the  resonance  condition.  They  in¬ 
crease  as  0  increases  and  decrease  as  |B|  increases. 

(4 )  The  onset  of stochasticity  occurs  when  the  widths  of 
potentials  for  different  harmonics  overlap. 

This  analysis  is  limited  to  small  field  amplitudes  in  com¬ 
parison  with  the  dc  magnetic  field  B0  at  large  values  of  0, 
which  is  a  good  approximation  for  the  calculations  we  have 
presented  on  the  acceleration  of  ionospheric  electrons.  It  is 
valid  to  all  orders  in  the  field  amplitudes  for  small  values  of 
0.  We  have  shown  that  electrons  can  be  accelerated  by  ex¬ 
traordinary-mode  waves  which  propagate  into  a  plasma  of 
increasing  density.  At  moderate  power  levels,  acceleration 
occurs  near  the  cutoff  point  for  large  angles.  This  is  because 
of  the  following  results. 

(5)  The  extraordinary  mode  becomes  purely  circularly 
polarized  and  its  magnetic  field  is  zero. 

(6)  The  electric  field  amplitude  is  largest  at  the  turning 
point. 

(7)  The  resonance  widths  are  also  larger. 

(8)  The  first  and  second  cyclotron  harmonic  reson¬ 
ances  overlap  for  large  propagation  angles. 

Depending  on  the  location  in  the  plasma  where  one 
wishes  to  accelerate  electrons,  the  wave  frequency  should  be 
chosen  so  that  the  cutoff  point  falls  within  that  region.  For 
continuous  acceleration  over  large  regions  of  the  plasma,  a 
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broad  spectrum  of  waves  should  he  considered.  As  the  reso¬ 
nance  widths  overlap,'4  the  electrons  may  gain  considerable 
energy  for  different  frequencies  and  harmonies.  However, 
near  the  turning  point  the  electric  fields  arc  so  Ir'gc  that 
other  nonlinear  effects  may  also  be  important,  and  may  af¬ 
fect  both  the  acceleration  and  propagation  processes.  In  ad¬ 
dition.  linear  mode  conversion  into  electrostatic  waves"  of 
large  refractive  indices  can  also  be  very  relevant  and  may 
enhance  the  acceleration  process  by  allowing  initially  cold 
particles  to  be  picked  up  by  the  second-  or  higher-order  har¬ 
monics.  Questions  related  to  the  propagation  of  large-ampli¬ 
tude  waves  in  the  ionosphere  and  the  consequent  heating  of 
plasma  electrons  deserve  further  attention. 
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Equation  ( A5)  can  be  integrated  onceover  time  from  0 
to  /.  The  left-hand  side  becomes  )(//  *// f  II /, II !, ).  The 
contribution  of  the  term  Iljla  ran  be  calculated  by  means  of 
Eq.  (8).  By  considering  that  at  t  •«  0,  4*()  »A,/>„ cosrr 
t-  k,:0  and  that  m  ~  pt0  sin  u,p^  «  pl0  cos  a,  and  ex¬ 
panding  in  terms  of  Bessel  functions,  we  obtain 


//,, 

coltu 


■  X^lOJcosS., 


(A6) 


where  (0)  and  Sm  arc  defined  after  Eqs.  (20).  Using  Eq. 
(A6)  and  after  a  good  deal  of  tedious  but  straightforward 
algebra,  we  arrive  at  Eqs.  (21 ). 


APPENDIX:  DERIVATION  OF  EQS.  (21) 

From  Eq.  (10)  we  obtain 

1  -  k,u,/to  =  dx  +  (//o///)dj ,  ( A 1 ) 

I  -  K.V./to  «  A,  +  UUH)h. .  (A2) 

„+  +  *  =  -(</,  +  (//„///)  (d,  -  ndu/w)  | ,  (A3) 

where  d,  «=  l  -  t],0t,  d;  <=  -  v#/c),  A,  =»  I  -P], 

and  A,  =/?,  (0,  —  u^/c). 

By  using  Eq.  (A3),  integrating  Eq.  (20b)  over  time 
from  aero  to  /,  and  recalling  that  /J  =  4 HH /c*u,  we  find 
that  the  function x  “  («t  +  4 >)P{U)/H  is  given  by 

X**  -(H*>/Il3){r'PU 0) 

+  [d,p;(0)-4^//|/c3]c/ 

-  6r„(//g/c})d,f/J  -  2(//g/c5)dJ  C/J).  (A4) 

By  substituting  Eqs.  (A  I)  and  (A2)  into  Eqs.  (12),  we 
find  Q  and  /f  as  functions  of  //  and  initial  conditions.  Com¬ 
bining  this  with  Eqs.  (A4)  and  (20a),  we  obtain 
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Some  Consequences  of  Intense  Electromagnetic  Wave  Injection 

into  Space  Plasmas 
By 

Willi*  J.  Burke1,  Elena  Villalon2,  Paul  L.  Rothwell1, 
and  Michael  Silevitch2 


I  Introduction 


The  past  decade  has  been  marked  by  an  increasing  interest  in  performing 
active  experiments  in  space.  These  experiments  involve  the  artificial  injee- 
ions  of  beams,  chemicals,  or  waves  into  the  space  environment.  Properly 
diagnosed,  these  experiments  can  be  used  to  validate  our  understanding  of 
plasma  processes,  in  the  absence  of  wall  effects.  Sometimes  they  even 
lead  to  practical  results.  For  example,  the  plasaa-beam  device  on  SCaTHA  became 
the  prototype  of  an  automatic  device  now  available  for  controlling  spacecraft 
charging  at  geostationary  orbit. 

In  this  paper  we  discuss  the  future  possibility  of  actively  testing  our 
current  understanding  of  hou  energetic  particles  may  be  accelerated  in  space 
or  dumped  from  the  radiation  belts  using  intense  electromagnetic  energy  from 
’-ound  based  antennas.  The  ground  source  of  radiation  is  merely  a  convenience. 
,.ace  station  source  for  radiation  that  does  not  have  to  pass  through  the 
.biosphere  and  lower  ionosphere,  is  an  attractive  alternative.  The  text  is 
divided  into  two  main  sections  addressing  the  possibilities  of  (1)  accelerat¬ 
ing  electrons  to  fill  selected  flux  tubes  above  the  Kenncl-Peischeck  limit 
for  stably  trapped  fluxes  and  (2)  using  an  Alfven  maser  to  cause  rapid  deple¬ 
tion  of  energetic  protons  or  electrons  from  the  radiation  belts.  Particle 
acceleration  by  electrostatic  waves  have  received  a  great  deul  of 
attention  over  the  last  few  years  (Wong  ec  al. ,  1981;  Katsouleas  and 
Dawson,  1983).  However,  much  less  is  known  about  acceleration  using 
electromagnetic  waves.  The  work  described  herein  is  still  in  evolucion. 

We  only  justify  its  presentation  at  this  symposium  based  on  the  novelty  of 
the  ideas  in  the  context  of  space  plasma  physics  and  the  excitement  they  have 
generated  fenong  several  groups  as  major  new  directions  for  research  in 
the  remaining  years  of  this  century. 


1.  Air  Force  Geophysics  Laboratory,  Hanscom  AFJ1,  MA  01731 

2.  Center  for  Electromagnetic  Research, 

Northeastern  University,  Boston,  MA  02115 
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One  of  the  first  things  we  were  mist aught  in  under  graduate  physics  is  chat 
electromagnetic  (to)  waves  can't  accelerate  charged  particles.  If  the  particle 
gains  energy  in  the  first  half  cycle,  it  loses  it  in  the  second  half.  Teachers 
are,  of  course,  clever  people  who  want  graduate  students.  So  they  hold  off  discus¬ 
sing  gyVoresonnnce,  in  which  case,  all  bets  are  off.  The  resonance  condition  is: 


( 1 )  u  -  k2  v2  -  n  0  0/  y  ■  0 


Here  u  is  the  frequency  of  the  driving  wave,  k.  the  component  of  the  wave  vector 
along  the  zero  order  magnetic  field  z,  vz  the  particle's  component  of 

velocity  along  Bg  and  n  is  an  Integer  representing  an  harmonic  of  the  gyro- 
frequency  fl  0  ■  q  BQ/a,  y  is  the  relativistic  correction  (1  -  v2/c2)“*'2, 
q  is  the  charge,  and  tn  the  rest  mass  of  the  electron. 

Before  going  into  a  detailed  mathematical  analysis  it  it;  obvious  that  there 
are  going  to  be  problems  accelerating  cold  ionospheric  electrons  to  high  energies. 
Higher  than  first  gyroharmonics  will  have  Bessel  function  multipliers  where  the 
argument  of  the  Bessel  function  is  the  perpendicular  component  of  Lhu  wave 
vector  and  the  gyroradius.  For  cold  electrons  with  small  gyroradii,  all  but  the 
zero  index  Bessel  function  terms  will  be  small.  The  second  concern  can  be 
understood  by  considering  the  motion  of  a  charged  particle  in  «  circularly 
polarized  wave.  Roberts  and  Buchsbaum  (1964)  have  shown  that  with  an  electron 
in  gyrorcsonance  according  to  eq.(l)  and  v^  ji  initially  ancipnrallel.  to  the  wave 
electric  field  £  and  perpendicular  to  the  wave  magnetic  field  J»,  two  effects 
combine  to  drive  it  cuay  frua  resonance.  As  the  electric  field  accelerate:;  the 
electron,  Y  increases,  changing  the  gyrofrequency.  The  magnetic  component  of 
the  wave  changes  v2  and  thus,  the  Doppler  shift  term.  It  is  only  in  the  case  of 
the  index  of  refraction  n  «  ck/  u  «  1  that  unrestricted  acceleration  occurs. 

In  all  ocher  cases  the  electron  goes  through  cycles  gaining  and  losing  kinetic 
energy. 

Recently,  the  SAIC  group  (Menyuk  et  al.  1986)  has  devised  a  conceptually 
simple  way  to  understand  acceleration  by  em  waves  as  a  stochastic  process. 

In  terras  of  the  relativistic  momenta  p2  and  p  ,  eq.(l)  can  be  rewritten  ns 

■  (  D  2~  1  )  pz  +  2  n  z  pzmc  (n  n  J  w  )  +  (  (n  fl  J  u>  )2  -  1  )  me2 

Depending  on  the  phase  velocity  of  the  waves,  equation  (2)  represents  a  family 
of  ellipses  (  n  2  *  ckz/  u  <1),  hyperbolae  (  n  z  >1)  and  parobolac 
(nz“l)inapjL,pz  phase  space.  The  zero  order  iluailtonian  cun  also  be 
written  in  the  form 


(2)  H0/mc2  **  [  1  +  (pz/mc)2  +  (p  /me)2  J  ly/2  -  (p2/oc)  (  w  /ck2) 


Thus,  in  p  i  ,  px  space  constant  Hamiltonian  aurfaces  represent  families  of 
hyperbolae  (  n  *  <  1)  ellipses  <  n  x  >  l>  and  parabolae  <  i»  ,  -  1). 

Iurffc«s  h*ye  o,'en  topologies  for  indices  of  refraction  n  -  <  1. 
Ti»e  case  n  t  -  1  in  which  resonance  and  Hamiltonian  surfaces  are  overly! nr 

0964) X*e  1#  th*1  °f  unllBlted  acceleration  studied  by  Roberts  and  Buschbaua 

In  the  case  of  asall  wplitude  waves  the  intersections  of  resonance  and 
Hamiltonian  surfaces  in  p  i  ,  px  space  arc  very  sharp.  As  the  amplitudes  of 
the  waves  grow  so  too  do  the  widths  of  resonance.  For  sufficiently  large 
amplitudes,  resonance  widths  may  extend  down  to  low  kinetic  energies  allowing 
cold  electrons  to  be  stochastically  accelerated  to  relativistic  energies. 

f *  Xt  *hould  be  pointed  out  that  although  cl,*s  model  heuristically  explains 
the  main  conceptual  reasons  for  stochastic  act.aeiuCi.on  to  occur,  its  validity 
extends  only  to  small  angles  6  between  k  and  J^.  At  l«rge  angles,  it  is 

not  clear  that  the  zero-order  Hamiltonian  topologies  described  above  will  still 
noj.de 


Over  the  past  several  months  wc  have  developed  a  rigorous  extension 
of  the  analytical  model  of  Roberts  and  Buchsbaum  by  letting  k  «  k*  £•  +  k,  ^ 
assume  on  arbitrary  angle  to  We  begin  with  the  lorentz  equation. 


(3)  d£  «  i)  l  E  +  v  x  ( H,,  +  B)  1 
dt  “  “ 

The  relativistic  nonentum  and  Hamiltonian  arc  given  by  p  «  m  y  v  und 
,  mc~  Y»  respectively.  The  magnetic  field  of  the  wavt  B  is  related  to  the 
electric  E  through  Maxwell's  equation  B  -  (c/u  )k  x  E.  The  time  rate  of  change 
of  the  Hamiltonian  is  ~  ° 


(4)  H  “  q  £•  V.  “  qC2  g,  J>/1| 


If  we  define  E*  «  cos  6  ,  Ey  «  -  E2  sin  i>  and  Ex  -  -  E3  cos  *  ,  where 
9  *‘Jtxx+kxZ“Ut  then  equation  (4)  may  be  rewritten  in  the  form 


Px  cos  $  -  Py  «in  $  ..  qE^  p2  cos  ^ 


The  Lorentz  force  equation  can  also  be  rewritten  as 


98 


(6) 

Px  +Pv 

n  +  5E0 

^  sin  *  ] 

u  jgEjL.  (u  -  K.zz)  cos  $ 

m  Y 

u 

u 

(7) 

• 

Py  . 

-  Px 

(  n  +  ^Eo 

kv  sin  $ 

• 

)  ■  -  (u  -  kz  *)  sin  ^ 

* 

a  Y 

u 

to 

(8) 

• 

Pi  • 

-  Ki¬ 

H  +  il  <Px 

+n  Py)  .  0 

ll) 

where  K2  *  k2  (1  +  E3kx/Ejk2).  Equations  (5-8)  are  exact#  Our  first  simplifi¬ 
cation  is  to  assuac  £3  kx/  to  *  B2  <<  B0,  then  eqs.  (6-8)  may  be  combined 
to  give 

(9)  4HH  **  q  (Ej  t  Ei)  [  /  Q'cos(  0  +  4>  -  0  '+  4*  1 )  dl'  + 

c’  u  u  0 

+  /  H'cos  (  0  +  <>  -  a  $  ')dt*  -  2p  x  sin  (  0  +  |  +  0  )  ] 

0 

+  q  C  E 1 — ^2 )  |  /  Q1  cos  (^-o  +  o'-^')  d t  * 

u  0 

£ 

+  /  P.'  cos(  4>  —  0  +  4>  '+o  ')  dt'+  2p  sin  (  $  -  0  -  a  )  ] 

0 

-  _JSL  e3  {  *  (  Pzo  +_**  <»HI0)  )  cos  * 

to  U 

“  E1)  J  (  Q'  +  R'  )  (  cos(  $  +  <f>  ')  +  cos  (  4-—  «»>*)  ]dt'  j 

Ej  o 

where  0  (t)  -  J1  0  (t1)  dt' ,  tan  a  -  -  (  pxo/pvo  )  , 

0  1 

(the  subscript  o  refers  to  the  initial  conditions  at  t  «  0),  and 

•  • 

Q  “  qE)  (  u  -  Kzz)  -  £E2.  (  to  -  k2z) 
u  u 


R  -  qE)  (  u  -  K* z)  +  5E2.  (  u  -  kzz) 
u  to 

Primed  and  unprimed  quantities  are  evaluated  at  times  t'  and  t,  respectively. 

We  note  that  accelarations  represented  in  Eq.  (9)  are  related  to  terms  multiplying 
electric  fields  in  right-hand  (Ej  +  E2),  left-hand  (E]  -  E2)  and  parallel  E3  modes. 
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Our  next  simplification  is  to  substitute  for  x  and  z  in  eq.(9)  the  zero 
order  solutions  (in  the  electric  field  amplitude)  of  cqs.  (6-8).  That  is,  we 
take  x  *  p  cos(  o  +  a  )  where  p  •*  v  j.  /  fi  is  the  electron  gyroradius  and 


(10)  PZ  -  [  Pzo  +  Jk  <H  -  H0)  ]  . 

*  w 

We  note  that  eq.(10)  reduces  to  eq.(2)  by  taking  Kz  ■  kz,  which  ic  only  valid 
for  small  angles  between  jk  and  B0.  In  fact!  Figure  1  shows  that  Hamiltonians 
with  open  (hyperbolic  or  parabolic)  topologies  in  pz,  p  j,  space  at  aaall 
angles  between  k_  and  Jj^  become  closed  (elliptical)  as  the  angle  increases. 

The  practical  implication  is  that  cases  of  potentially  infinite  acceleration 
with  k  *  kz  become  restricted  to  finite  values  at  other  direction  of  wave 
propagation. 

By  taking  x  ■  p  cos(  o  +  a  )  and  expanding  terras  with  sin  kxx  and 
cos  kxx  in  series  of  Bessel  functions,  eq.  (9)  becomes 


(11)  AHH  -  l  Tn 
c-  u  n 

Tn  -  q  (Ej  +  E2>  Jn-1  (kx  P  )  {  1  /*■  (  Q'J*  cos(n  6+06'+*+*') 

w  mo  m+1 

+  R '  J  *  Q_  ^  cos(n  6-mS  '+<{>-  ^  ')  ]  dt'  +  2p  A  cos  (n  0  +  !  )  | 

+  £[__  (Ei-E2)  Jn+i  (kx  P  )  |  ).  /  L[  Q'J'  cos(n  0-n6  '+«-*') 
u  ui  o  rxH 

+  R ' J ' m_ |  cos(n  0  +  m  0  '+  ^  ^  ' )  J  di'  +  2p  ^  cos  (n  0  +  s'1  )  } 

-  Jn  <*Se  P  )  1  U  (  Pzo  +  h.  )  cos  (n  0  +  <*  ) 

u  u 

-  E 3.  )  /  1  (O'  +  R')J'  I  cos(n  0+m0'+«+^') 

P  DO  18 

bl 

+  cos(n  0  -  nQ'  +<!'-<>')]  dt'  ) 


where  6  ■  /  *•  fi  ( L * )  dt'  +  a  +  x  /2,  J'  =  J  (kv  P  '),  (  v  *  a,  m  £  1) 
o  v  v 

and  >}i  *  kz  z  -  u  t. 

After  averaging  over  the  fast  (gyroperiod)  tine  dependencies  and  a  good  deal 
of  tedious  algebra,  we  obtain  that,  for  each  n,  the  particle  energy  obeys  the 
following  differential  equation: 

(12)  (U  +  l)2  (  i_  dU  }  2  +  Vn  (U)  -  0 

u  dt 


where  U  *  (H-H0)/H0  and 
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V„  CU)  -  di__  U2  (  U  +2  rn/<ll  }  2  -  >  (o) sin  *  n  <il  U  (  U  +  2rn/d,  ) 
A 

+  Liz  £  2  I  (  I  2dr  I  l»u)  (  Cn+1  (U)  +  Fn+|(U)  ) 

2 

%  +(  E  2d2“  E  lh2)  ^n+l  I 


-  r  j*J_2  I  (  r  lhi  +  E  2<1\)  (  Cn-i(U)  +  Fn_i(U)  ) 

2 

+  (  E  jh2  +  E  2^2^  Fn-l^)  ) 

2-  ..  2 

-  E  3  {  (  Cn(U)  +  Fn(U)  )  +  h2Fn(U>  }  -  (  *  (O)cos  +  „  ) 


where  I  j  «  -  (q  Ej/  u  )  c/HQ  (i-1,2,3),  dj  ■  1  -  Kzk2c2/  u  2 

d2  "  Kiktc2/  u  2  “  k7z0/  u  ,  hj  -  1  +  K2/kr  Cdt  -  I) 

« 

rn  -  1  -  ktz0/  u  -  n  0  0/  u  ,  h2  -  Kr/kz  d2 

♦  (0)  -  v  x  0/2c  [  ■(  t  j  +  E  2>  Jn-l  (kx  p  0)  +  (  E  2  -  E  A) 

dn+l  P  o)  )  +  vz0/c  E  3  Jn  (kx  p  Q) , 

♦  n  "  n  <  0  +  JU  +  kz*o 

2 

U  2 

and  G  v  (U)  -  /  J  v  [  kx  p  (U* )  ]  U'  dU' 
o 

U  2 

F  v  (U)  ■  /  Jv  [  kx  p  (U')  j  dU' ,  (  v  «  n,  n  +  1). 
o 

Eq.(12)  is  in  che  form  of  che  equations  of  a  harmonic  oscillator.  Under  the 
limit  0  •  0,  Eq.  (12)  becomes  the  equation  derived  by  Robert  and  Buchsbauro 
(1904).  The  limits  of  the  particles  excursion  in  energy  lor  a  given  resonance 
n  and  electric  field  E  can  be  found  by  setting  the  potentials  Vn  (U)  »  0.  At 
wave  amplitudes  where  the  range  of  potentials  for  different  harmonics  overlap, 
we  have  the  onset  of  stochasticity. 

At  the  present  time  we  have  just  begun  to  explore  the  numerical  solutions  of 
equation  (12).  In  Figure  2,  we  show  some  of  our  preliminary  results.  We  assume 
that  u  pe/  G  0  »  0.3,  the  electric  field  amplitude  is  6uch  that  El  *0.1,  and  the 
wave  frequency  is  u  «  1.8  n  0.  We  consider  only  che  second  cyclotron  harmonic 
since  this  is  che  closest  to  satisfying  the  resonance  condition,  eq.(l),  for 
initially  cold  electrons.  The  components  of  the  wave  electric  field  and  the 
refractive  index  n  are  calculated  from  the  cold  plasma  dispersion  relation  for 
electromagnetic  waves  at  any  arbitrary  angle  6  to  B0.  It  turns  out  that  n  is 
always  smaller  than,  but  very  close  to  1  (  n  *  0.97).  The  maximum  allowed 
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KIg.  1.  Surfaces  of  zero  order  Hamiltonians  with  different  propagation 
angles  to  magnetic  field. 


Fig.  2.  Range  of  allowed  electron  energy  gain  (shaded)  as  a  function  of 

wave  propagation  angle  to  magnetic  field.  Die  solid  line  represents 
maximum  energy  excursion  for  elliptical  topologies. 
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energy  gain,  as  given  by  the  zero  order  Hamiltonian  topologies,  Is  represented 
by  the  solid  lines  .  The  shaded  region  represents  the  actual  energy  gain  ns 
obtained  by  requiring  Vn  (U)  <  0.  We  see  that  for  0  *  35°,  Initially  cold 
electrons  can  be  accelerated  to  very  high  energies.  In  fact,  for  cold 
electrons  ue  find  that  U  *  Y  -  I  and  that  the  particle  can  gain  as  mueh  as  2.5 
Mev.  AsH  0  decreases  wore  Initial  kinetic  energy  is  required  for  any 
acceleration  to  take  place.  Tor  large  0  ,  the  elliptical  lunilionlna 
topologies  severely  restrict  the  energy  gain. 


Ill  The  Alfven  Maser 


Active  control  of  energetic  particle  fluxes  In  the  radiation  belts  has 
maintained  a  continuing  interest  in  both  the  United  States  and  the  Soviet  Union. 
Flcccron  dumping  experiments  concluded  by  the  Stanford  University  and  Lockheud 
groups  using  VLF  transmissions  are  well  known  (inan  et  ai.  1982,  lmhof  et  al. 
1983),  Perhaps  less  known  is  a  theoretical  paper  by  Trakthengerts  (1983) 
entitled  '‘Alfven  Masers”  In  which  he  proposes  a  theoretical  scheme  for  dumping 
both  electrons  and  protons  from  the  belts.  The  basic  idea  Is  to  use  RF  energy 
to  heat  the  Ionosphere  at  the  foot  of  a  flux  tube  to  raise  the  height  integrated 
conductivity.  The  conductivity  is  then  modulated  at  VLF  or  ELF  frequencies 
which  modulates  the  reflection  of  waves  that  cause  pitch  angle  diffusion  in  the 
equatorial  plane.  The  ariiflcally  enhanced  conductivity  of  the  ionosphere  thus 
maintains  high  wave  energy  densities  in  the  associated  flux  tube,  thereby, 
producing  a  masing  effect. 

In  addition  to  external  Ionospheric  perturbations  particle  precipitation 
also  raises  Ionospheric  conductivity.  The  masing  of  the  VLF  waves  causes 
further  precipitation  which,  in  principle,  results  in  an  explosive  instability. 
The  purpose  of  this  section  is  to  establish  the  basic  equations  and  to  present 
the  resulLs  of  a  preliminary  computer  simulation. - 

The  fundamental  equations  derived  by  Trakhtcncerts  (1983)  are  based  on 
quasllinear .theory  and  relate  only  to  the" weak  diffusion  regime,  it  is  useful 
to  use  similar  sec  of  equations  derived  by  Schulz  (1974)  based  on  phenomeno¬ 
logical  arguments  thac  Includes  strong  pitch  angle  diffusion.  The  key  variables 
are  M,  the  number  of  trapped  particles  per  unit  area  on  a  flux  Lube  and  c  the 
wave  intensity  averaged  over  the  flux  tube.  In  this  we  assume  that  c  is 
directly  proportioned  to  the  pitch  angle  diffusion  coefficient.  The  time  rate 
of  change  for  N  is 

(13)  dN  -A  c  N  +  s. 

dt  1  +  c  T 

where  the  first  term  represent  losses  due  to  pitch  angle  scattering  with  A  a 
constant  and  S  accounts  for  represents  particle  source  terms  in  the  magneto- 
spheric  equatorial  plane,  T  is  a  parameter  that  characterizes  lifetimes 
against  strong  pitch  angle  diffusion.  The  time  rate  of  change  of  c  is  given  by 

(14)  d  c  «  f  2  Y  *N/N*  )  c  +  Vr  c  In  R  +  W 

dt  1  +  CT  LKg 
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Tht  first  tare  represents  wave  growth  near  the  equatorial  plane,  the  second  tern 
gives  the  wave  losses  in  and  through  the  ionosphere  and  the  third  accounts  for  any 
wave  energy  sources.  The  terns  y  *  and  N*  are  used  to  denote  the  weak  diffusion 
growth  rate  and  colunn  density  of  a  flux  tube  at  the  Kennel  and  Petschek  (1966) 
Unit  tor  stably  trapped  particles.  In  the  second  term,  vg/LKc  approximates 
bounce  frequency  of  waves  where  vR  is  the  group  velocity  ot  the  wave  LR^  the 
approximate  length  of  a  flux  tube;  K  is  the  reflection  coefficient  of  the  ionos¬ 
phere.  Since  k  <  1  the  second  tern  is  always  negative.  The  (1  +  c  t  )  term 
empirically  lowers  growth  rate  due  to  the  pitch  angle  distribution  becoming  more 
isotropic  under  strong  diffusion  conditions. 

In  our  present  study  we  have  examined  mmrical  solutions  of  equations 
(13)  and  (16)  using  non-equilibrium  initial  conditions.  The  first  case  is 
represented  by  Figure  3  in  which  we  started  initial  wave  energy  densities 
which  are  a  factor  of  3  (top  panel)  and  0.1  (bottom  panel)  above  the  Kennel- 
Pet.chek  limit.  In  both  cases  we  ignored  associated  enhancements  in  ionos¬ 
pheric  coupling  that  lead  to  Increased  reflectivity.  We  see  that  the  wave 
energy  density  quickly  damps  to  the  Kennel-Petschek  equilibrium  represented 
by  the  solid  line. 


In  the  second  level  of  simulation  the  wave  energy  density  is  initially  set 
at  a  factor  of  three  above  the  Kennel-Petschek  equilibrium  value  but  includes 
a  coupling  factor  to  the  ionosphere  {  .  We  find  that  for  values  of  C  >.  10X 
the  oscillations  become  spike-inke.  The  top  panel  of  Figure  A  represents  the 
normalized  wave  energy  density  for  C  ■  10X  after  the  waves  have  evolved  into 
periodic  spikes.  The  middle  and  bottom  panels  of  Figure  A  represent  the  nor¬ 
malized  energetic  particle  density  (cm”2)  contained  on  a  flux  tube  and  the 
normalized  height  Integrated  density  of  the  ionosphere.  Attention  Is  directed 
to  the  phase  relationship  between  the  maxima  of  the  three  curves.  The  maxi¬ 
mum,  energetic  particle  flux  leads  the  wave  term  and  goes  through  the  Kennel- 
Petschek  value  as  the  wave  growth  changes  from  positive  to  negative. 


Fig.  3. 
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Example  of  wave  energy  densities  initially  set  at  factors 
of  3.0  and  0.1  above  Kennel  Petschck  equilibrium  value. 
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Fig.  4.  Example  of  spike-like  wave  structures  as  well  as  energetic 
particle  losses  and  ionospheric  density  changes  with 
tangnecospherelonosphere  coupling. 
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Fig.  5.  Simulated,  monnarized  wave  energy  density  with  magnetosphere 
ionosphere  coupling.  A  VL.F  source  is  turned  on  at  t  -  650s. 


The  maximum  Ionospheric  effect  occurs  after  the  wave  spike  maximum.  Our  phys¬ 
ical  interpretation  of  Figure  4  is  as  follows.  A  spike  in  the  wave  energy 
density  causes  a  depletion  of  electrons  trapped  in  the  belts  to  levels  well 
below  the  Kenne 1-Pec schek  Halt.  The  subsequent  drop  of  precipitating  electron 
flux  allows  the  ionospheric  conduetivivy  to  decrease.  Thus,  VLF  waves  are  less 
strongly  reflected  back  into  the  magnetosphere.  This  effectively  raises  the 
Kennel-Pet  schek  Halt  as  higher  particle  fluxes  arc  Mccssary  to  offset  in¬ 
creased  ionospheric  VLF  absorbeion.  In  the  presence  of  equatorial  sources  of 
particles,  the  siailations  show  flux  levels  building  to  1.15  tines  the  Kcnnel- 
Petschek  limit.  The  enhanced  fluxes  in  the  magnetosphere,  even  with  weak  pitch 
angle  diffusion,  tUows  the  ionospheric  conductivity  to  rise,  eventually  leading 
to  another  aasing  spike. 

Figure  (5)  shows  the  effee.5  of  an  external  VLF  signal.  The  first  few  spikes 
result  from  the  mssing  effect  of  the  ionosphere  due  to  particle  precipitation. 

At  t  -  650  seconds  a  VLf  square  wove  source  is  turned  on  with  a  50  second  dura¬ 
tion.  The  spikes  now  are  modulated  at  Lhe  driving  frequency  at  a  reduced  ampli¬ 
tude.  The  amplitude  is  reduced  since  the  fluxes  are  more  frequently  dumped 
with  the  VLF  signal  present  than  in  its  absence. 

Iversen  et  al.  (1984)  using  simultaneous  ground  and  satellite  measurements, 
have  recently  observed  the  modulation  of  precipitating  electron  at  pulsation 
frequencies.  In  turas  of  our  simulations  these  would  be  close  to  the  situation 
shown  in  Figure  4  in  which  natural  masing  occurs  in  a  flux  tube.  The  observed 
frequencies  are  consistent  with  those  expected  from  the  linear  theory.  Detailed 
comparison  with  experimental  data  necessitates  knowing  the  efficiency  with  which 
VLF  waves  reach  the  ionosphere. 


IV  Conclusion 


Although  the  work  presented  in  this  paper  is  still  in  a  very  preliminary 
stage  of  development  it  appears  that  significant  space  effects  can  be  produced 
by  the  injection  of  intense  electromagnetic  waves  into  ionospheric  plasmas. 

In  the  coming  months  ue  expect  that  as  calculations  mature  we  will  grow  in  the 
ability  to  translate  mathematical  representation  into  physical  understanding. 

If  the  results  of  our  analyses  live  up  to  t*rly  promise  then  a  series  of  ground- 
based  wave  emission  experiments  will  be  developed  to  measure  injection  effects 
in  space.  The  upcoming  ECHO— 7  experiment  presents  a  well  instrumented  target  of 
opportunity  for  electron  acceleration  experiments  with  the  IlIPuS  system.  After 
the  launch  of  the  CRRES  satellite  it  will  be  possible  to  make  simultaneous  In 
situ  measurements  of  wave  and  particle  fluxes  in  artificially  excited  Alfven 
Hasers.  Looking  forward  to  the  1990's  it  appears  that  WISP  experiment  planned 
for  the  Space  Station  will  make  an  i.dcol  source  for  both  electron  acceleration 
and  radiation  belt  depiction  experiments.  Recently  a  Soviet  experiment  measured 
electrons  accelerated  to  kilovolt  energies  using  a  low  power  telemetry  system 
(Babaev  et  al.,  1983).  Just  imagine  what  could  be  done  with  the  specifically 
designed,  high  power  WISP! 
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